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Abstract

Despite a range of well-received and successful public education campaigns over the years skin
cancer remains a major health issue in Australia and two out of three Australians are exp ected to
have a skin cancer diagnosis before the age of 70. Over 13,000 new cases of melanoma are
diagnosed each year and close to 980,000 new cases of non-melanoma skin cancer (NMSC) are
treated.
Around 95% of all skin cancers are caused by exposure to ultraviolet (UV) radiation, mainly during
recreational activities or working outside. Australia experiences a unique level of solar UV,
significantly higher than, for example, Europe. This thesis presents data from several global
locations for comparison to emphasize this point.
Protection against exposure to excessive UV includes seeking shade and clothing (hat, shirt,
sunglasses, etc.) and topical sunscreen application. Commercial sunscreens are complex mixtures
of chemicals. They are regulated by the Therapeutic Goods Administration (TGA) and are subjected
to a series of standard tests to meet specifications. The active ingredients in the sunscreens are used
to mitigate the effects of the incident solar UV by preventing it from reaching the skin.
This work has examined the spectroscopic and functional integrity of a series of commercial
sunscreens when applied to quartz plates at constant film thickness. This has been achieved through
calibration and validation experiments conducted in the laboratory an d through 'in-service'
measurements at North Beach, Wollongong. On one hand, this has enabled the comparison of UV
absorption by different sunscreen formulations while on the other, the experiments facilitated the
comparative performance of the same sunscreen at the same location under different UV exposure
conditions.
When the UV index at North Beach was high (UV index 6), none of the tested sunscreens, except
one, transmitted one minimal erythemal dose (MED) in two hours. As this period is the
recommended time for re-application, the sunscreens showed adequate, protective, performance.
However, on days with extreme UV levels (UV index 12), only one sunscreen showed adequate
performance after two hours of exposure. Meanwhile, under the same ‘extreme’ condit ions, an
imported sunscreen with Sun Protection Factor (SPF) 30 transmitted one MED in only 37 minutes,
placing the wearer at risk of sunburn.
In summary, this work demonstrated that a single sunscreen might perform differently at the same
location on days with different UV levels, and in an Australian summer, a sunscreen purchased in
Cairns may not perform the same when purchased in Hobart. Recommendations are given that may
lead to changes in sunscreen testing standards and improvements in labelling with advice on
reapplication.
i
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Chapter 1
1. Introduction
1.1 Skin Cancer
Skin cancer is the most common type of cancer, accounting for more than 40% of cancer cases globally [1,
2]. There are three common types of skin cancers: basal cell carcinoma (BCC), cutaneous squamous cell
carcinoma (cSCC), and melanoma.
BCC and cSCC, both also referred to as nonmelanoma skin cancer (NMSC) or keratinocyte carcinoma, are
more common however, the third type of skin cancer is melanoma. This is the fastest growing and most
dangerous kind of skin cancer and is a cause of greater concern due to the higher mortality rate (i.e., fewer
cases than NMSC, but significantly higher percentage of mortality).

1.1.1

Non-melanoma skin cancer

Basal cell carcinomas make up around 70% of the reported cases of NMSC in Australia [3]. In BCC,
cancerous cells form in the lower layers of the epidermis whereas cSCC forms in the upper layers. Both
BCC and SCC become apparent on parts of the body which receive chronic or high sun exposure such as
the head, face, neck, shoulders and back. In general, sSCC has been found to develop more rapidly than
BCC [4].

1.1.2

Melanoma skin cancer

Melanocytic skin cancer, or malignant melanoma (MM), is a high-risk skin cancer, more common in men
than women [4]. It is caused by exposure to high doses of solar UV in the childhood and juvenile years [5].
Melanocytic tumours are seeded at these early life stages, but protective T-lymphocytes are able to either
a} eradicate or b} prevent proliferation of these tumours through a dynamic melanoma-immune equilibrium
[6]. In this state, a tumour can remain occult for prolonged periods of time. If the equilibrium is disturbed
and the tumour allowed to develop, metastasis can occur rapidly, and the cancer is spread to other organs
via the lymphatic system. Thus, melanoma development and metastasis can occur decades after the
childhood and juvenile years. Figure 1-1 below describes the signs of skin cancer and how they can be
identified according to their appearance.

1

Figure 1-1 The signs of skin cancer (Cancer Council Australia)

1.1.3

Skin cancer in Australia

In Australia, the combined cases of skin cancer are higher than that of any other type of cancer, causing
significant mortality [3]. While the indigenous population of Australia has naturally developed Fitzpatrick
skin types 5 and 6 (vide infra, section 1.2.3) over the millennia, since 1788, Australia has been largely
2

populated by persons of European descent with skin types 1 and 2. This fact, combined with the extreme
UV conditions experienced across all mainland Australia (see below) has led to the situation whe reby skin
cancer is the most common cancer diagnosed today [7, 8].
Figure 1-2 below shows the estimated age standardised skin cancer rates worldwide. Both previous data
and estimations show Australia has 2 to 3 times more skin cancer incidence in comparison to Europe or
North America [9, 10].

Figure 1-2 Estimated age standardized skin cancer incidence rates in the world (http://gco.iarc.fr/today)

Figure 1-3 Age standardised mortality rates for melanoma and NMSC in Australia from 1982 to 2018

Figure 1-3 shows the annual mortality for melanoma and NMSC in Australia from 1982 to 2018 [3]. In
3

2016, melanoma skin cancer was the 12 th leading cause of death due to cancer and 1281 deaths were
reported. By 2019, this increased to 1725 deaths. The 14 th leading cause of death due to cancer was NMSC
in 2016. There were 1080 deaths from NMSC in Australia in 2016, increasing to 1202 deaths by 2019.
According to the data provided by the Australian Bureau of Statistics (ABS), at least two out of three
Australians are expected to be diagnosed with some form of skin cancer before the age of 70.

1.2 Ultraviolet radiation (UVR)
1.2.1

UV radiation

The sun is the largest natural source of radiation that provides infrared, visible, and ultraviolet (UV). The
radiation energy from the sun, which is the sun spectrum or solar spectrum, is also referred to as the
electromagnetic spectrum. UV radiation lies in the wavelength range of 10 – 400nm in the electromagnetic
spectrum [10]. The three main bands of terrestrial UV radiation are termed UVA, UVB, and UVC.
In discussing UVR biological effects, the International Commission on Illumination (CIE- Commission
Internationale de l’Eclairage) has divided the UV spectrum into three bands with UVC withi n 200-280nm
because wavelengths below 180 nm (vacuum UV) do not have a practical biologic significance as they are
absorbed by the ozone layer [11]. The bands have been in widespread use in different medical fields and
scientific research and the bands have been identified differently across these different fields of research.
World Health Organisation (WHO) considers the typical UV range 100-400nm and has divided it into three
bands using 100-280nm as UVC while division between UVA and UVB is considered 315nm [7]. In
terrestrial sunlight, UVR is unlikely to be present at shorter wavelengths, except at high altitudes. Hence
Diffey has chosen the division between UVB and UVC as 290nm [12]. However, the choice of 320nm as
the division between UVB and UVA is more arbitrary and chosen differently by various organisation as
presented in Table 1-1 below.
Table 1-1 UV boundaries defined according to different standards

Organisation

UVC (nm)

UVB (nm)

UVA (nm)

*CIE (1987)

200-280

280-320

320-400

**WHO (2002)

100-280

280-315

315-400

Diffey (2002)

200-290

290-320

320-400

*CIE - Commission Internationale de l’Eclairage **WHO – World Health Organisation

4

Figure 1-4 UV radiation reaching the Earth’s surface categorised according to WHO

Figure 1-4 shows the UV radiation reaching the Earth’s surface, as categorised by the World Health
Organisation (WHO) [7]. UVC radiation is the most potent type of UV radiation when biological damage
is considered. However, no UVC radiation and less than 50% of the UVB radiation reaches the Earth's
surface since the ozone layer absorbs radiation with wavelengths ≤ 303nm. Consequently, of the UV that
does reach the Earth's surface, more than 95% consists of UVA, while the remainder is UVB. The UV
radiation intensity is highest at noon. While the impact of incident UVA remains comparatively stable
throughout the day, impact on the erythemal dose calculated using the skin action spectrum due to UVB
increases significantly around midday.

1.2.2

Units of UV radiation

The units that are used in the measurement of UV radiation are related to radiometric termin ology. For
example, the solar beam of energy that passes through space is described as radiant energy or flux. The
radiation intensity or irradiance is used to describe the characteristics of a radiation source [8, 13, 14].
Radiation dose or exposure dose is related to the actual amount of radiation incident upon an obj ect or
person. As explained by Diffey [12], the time integral of the irradiance is used to calculate the exposure
dose. UV Index (UVI) is a standard used to estimate the UV irradiance at the Earth’s surface. UVI is a scale
with values ranging from 1 to 20+ and can forecast the UV conditions at any location on a given day.
Indeed, the value can reach 20 closer to the equator and in Darwin (NT) values of 17 are commonly attained
[7].
As the UV Index increases, the hazard to health rises and bands of UVI values have been established to
5

indicate the level of hazard. These are summarised in Table 1-2 along with the optimum protection advice
for an individual with Fitzpatrick skin type 1 [7].
UVI is usually defined as the upcoming day forecast of the total skin damage that may occur by UV
radiation that is likely to reach the Earth’s surface at noon. Thus, prediction of the maximum UV Index to
be experienced in any location provides an important public health advisory for personal protection from
excessive UV exposure.
Table 1-2 UV Index data standardised by the World Health Organisation

UVI

Colour

Risk

Protection advice
UV Index reading of 11 or more means extreme risk of harm from

11+

Extreme

unprotected sun exposure in minutes. Try to avoid sun exposure
between 10 a.m. and 4 p.m.

8 to 10.9

Very
High

A UV Index reading of 8 to 10.9 means very high risk of harm from
unprotected sun exposure. Take extra precautions because
unprotected skin and eyes will be damaged and can burn quickly.
A UV Index reading of 6 to 8.9 means high risk of harm from

6 to 7.9

High

unprotected sun exposure. Protection against skin and eye damage
is needed.

3 to 5.9

Moderate

0 to 2.9

Low

1.2.3

A UV Index reading of 3 to 5.9 means moderate risk of harm from
unprotected sun exposure.
A UV Index reading of 0 to 2.9 means low danger from the sun's
UV rays for the average person.

Erythemal dose and Fitzpatrick skin type

Another critical measurement is the minimal erythemal dose (MED), defined as the minimum amount of
UV exposure sufficient to produce an erythemal response within 8 -24h on an individual with Fitzpatrick
skin type 1, for whom one MED is defined as 200-250 J.m-2 .
Originally proposed in 1977 [15], the Fitzpatrick scale classified the reactivity of pale white skin to
ultraviolet A phototherapy. Fitzpatrick skin types originally categorized skin colour into four types (1-4)
based on self-reported erythema and tanning reactions. The scale was later updated adding two categories
based on colour alone and then with tanning reactions for ‘brown’ (type 5) and ‘black’ (type 6) skin. The
Fitzpatrick skin type chart describing the sensitivity of skin type to UV radiation is shown in Table 1 -3. As
can be seen in Table 1-3, skin colour is an important determinant of the biological consequences of UV
exposure. Thus, the highest risk for skin aging and susceptibility to skin cancer is experienced by
individuals with skin type 1, although those with darker skin may be susceptible to harmful effects upon
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the eyes and immune system. [8, 13].
Table 1-3 Fitzpatrick skin types according to sensitivity to UV

Skin type

Typical features

Tanning ability

1

Pale white skin, blue/green eyes, blond/red hair

Always burns do not tan

2

Fair skin, blue eyes

Burns quickly, tans poorly

3

Darker white skin

Tans after the initial burn

4

Light brown skin

Burns minimally, tans easily

5

Brown skin

Rarely burns, tans darkly easily

6

Dark brown or black skin

Never burns always tans darkly

1.2.4

Unique and extreme UV conditions in Australia

Table 1-4 shows how the UV index changes through the year different countries for comparison. Australia
has had extreme UV conditions for more than half of the year compared to different locations worldwide.

Month 2

Month 3

Month 4

Month 5

Month 6

Month 7

Month 8

Month 9

Month 10

Month 11

Month 12

Berlin - Germany 52.5°

1

1

2

4

5

6

6

5

4

2

1

0

*Darwin - Australia-12.6°

9

11

12

12

12

12

12

12

12

12

10

8

Los Angeles - USA 34°

3

4

6

8

9

10

11

10

8

6

4

3

*Sydney - Australia-33.9°

3

4

5

8

10

12

12

11

9

6

3

2

Nice - France

1

2

4

5

7

8

8

7

5

3

2

1

1

2

4

6

8

10

11

9

6

4

2

1

Location

Latitude

Month 1

Table 1-4 Capital city average daily maximum UV index by month

43.7°

*Hobart - Australia -42.9°

*Australian data is with month 1 as July.
Globally, Australia and New Zealand have the highest rates of skin cancer due to UV exposure. Meanwhile,
Nice, in the South of France at latitude ≈43°N, is considered to have sufficient severity, in terms of incident
UV levels, to be a convenient European location for sunscreen evaluation because incident UV levels
diminish to the North where nearly 80% of the European population, with a large proportion of skin types
I and 2, live. Moreover, of the 20% of the European population living to the South of Nice (for example,
Spain, Italy, Greece), many have Fitzpatrick skin types 2 – 4.
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UV Indices of different cities throughout the year
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Hobart

Melbourne

Sydney

Darwin

Figure 1-5 Comparison of average monthly UV Index data between Nice and Australian cities

Figure 1-5 shows European data presented with month 1 as January while the Australian data has month 1
as July, thus facilitating seasonal comparison. These data suggest that all these Australian cities experience
significantly more UV than Nice. The actual situation may be worse than shown here, as all the quoted UV
Index data cut off at the value of 12. Thus, in Australia, not only does a resident of Hobart (with an
equivalent latitude) experience significantly more UV than Nice, but also most of the population liv es to
the North of Hobart and a significant proportion, with skin types 1 and 2, are at risk because incident UV
levels now increase dramatically. When comparing the UV levels of the sunscreen exporting countries, the
question arises whether the testing conditions of the sunscreens made in these countries would be sufficient
to simulate the extreme Australian conditions.

1.3 UV protection measures
Since the early 1980s, when ‘Syd the Seagull’ first appeared on Australian TV screens, promoting the ‘Slip,
slop, slap’ message, the public have been aware of measures to mitigate the effects of acute sun exposure.
‘Slip on a shirt, slop on some sunscreen, and slap on a hat’ became a mantra which indicated three easily
accessible safety measures. These days, the message has changed to include ‘slide on some sunnies’ and
‘seek some shade’. Individually these measures can provide partial defence against exposure, but in
combination can provide more effective overall protection [16-22]. Hats, clothing, sunglasses, and shade
provide true physical protection, but the use of sunscreens pre-supposes that they are regulated, tested and
effective under Australian conditions. Recent data have revealed that collectively these measures have been
at least partially successful as the numbers of skin cancer cases in juveniles and young adults are in decline
[23].
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1.3.1

Sunscreens

Sunscreens are usually complex mixtures of chemicals, each included in a formulation for a particular
function. They are often emulsions (either water-in-oil or oil-in-water) and contain rheology modifiers,
solvents, other additives and ‘active’ ingredients that are the components actively involved in absorbing
UVA and UVB, thereby protecting the wearer. Some active ingredients specifically absorb UVA or UVB
while others, known as ‘broad spectrum’ UV absorbers, can absorb both.
The actives are broadly classified as being physical or chemical in nature and they function as shown in
Figure 1-6.

Photochemical reaction

Figure 1-6 Physical sunscreen and chemical sunscreen working principle (www.orogoldingredients.com)

ZnO and TiO2 are inorganic materials which normally function via the physical processes of reflection and
scattering as shown in Figure 1-6. Particulate organic materials are also available and function similarly.
The chemical sunscreens normally contain one or more of a range of strongly absorbing organic molecules
and they function by chemical and photochemical processes. A fully formulated sunscreen may contain
either of, or both, of these materials and the UV absorbing properties of a film containing a mixture of these
materials is then governed by the Beer-Lambert law where concentration, film thickness and molar
absorptivity are the critical factors [24].
Sunscreens based upon organic materials are normally invisible when applied, but sunscreens based upon
inorganic materials are often white (or coloured, as in the zinc oxide ‘sticks’ worn by fans at sporting
events).
From a cosmetic perspective, the coloured deposit of a conventional physical sunscreen may be considered
unsightly, and a third type of inorganic material has been developed whereby manufactured nanoparticles
of zinc oxide and titanium dioxide are employed. It is a common misconception however, that these
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materials function by the same physical processes described above when formulated in a sunscreen. They
do not, they function as inorganic chemical UV absorbers, because they are too small to reflect incident
light. In fact, nano-titanium dioxide is an excellent (and safe) broad spectrum UV absorber when used
according to the appropriate guidelines [25, 26].
Collectively, the active components of the sunscreen and their relative content in a given formulation
contributes to the sun protection factor (SPF) stated on the packaging.

1.3.2

Sunscreen Protection Factor (SPF)

The SPF gives the ratio between the time it takes for the protected skin to have an erythema reaction when
exposed to UVB, to the time it takes to have an erythema reaction to unprotected skin. Ideally, a higher
SPF sunscreen means more UV protection.
Figure 1-7 [27] represents the UV absorption percentage of sunscreens according to their SPF.

Figure 1-7 UV absorption percentage of sunscreens according to their SPF

This data shows that a sunscreen with SPF 15 will allow 6.7% of incident UVB to reach the skin, while one
with SPF 30 allows 3.4% of incident UVB to reach the skin and an SPF 45 sunscreen will allow only 2.3%
of incident UVB to pass. While the difference may seem as all sunscreens would only transmit less than
7% UVB, Figure 1-8 [28] now shows how this small difference can lead to increased accumulation of
erythemal dose during long exposures.
Figure 1-8 shows the decrease in the rate of accumulation of erythemal dose with increasing SPF meaning
that a sunscreen with high SPF would take longer to reach the erythemal dose during UV exposure. As
discussed by Herzog [28] in the case of reapplication an SPF 25 sunscreen may double its protection making
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time to reach the erythemal threshold longer demonstrating a c orrelation to an SPF 50 sunscreen
performance.
The performance of the sunscreens with different SPF tested according to the current testing protocols
reveal these sunscreens meet the expected requirements. However, in the real life when the sunscreens are
employed, the conditions set by the standards are not being met leading to lack of performance in
sunscreens.

Figure 1-8 Accumulated erythemal dose for sunscreens with different SPFs during UV exposure

1.3.3

Commercial sunscreens in Australia

In the Australian market, two types of sunscreens are available and broadly classified as Cosmetic or
Therapeutic.
1.3.3.1 Cosmetic Sunscreens
The Australian Industrial Chemicals Introduction Scheme (AICIS) regulates sunscreen products that may
contain an ingredient with sunscreen properties; however, the primary purpose of a product is neither sun
screening nor therapeutic, as cosmetics. These products are not expected to be involved in the Australian
Register of Therapeutic Goods (ARTG) as they are not regulated under the legislation [29].
1.3.3.2 Therapeutic Sunscreens
According to the TGA, therapeutic sunscreens are categorised by several guidelines [29]: Primary
sunscreens with SPF 4 or more, secondary sunscreens – except those regulated as cosmetics, primary or
secondary sunscreens with SPF 4 or more that contain an insect repellent and, sunscreens with specific
ingredients listed in regulations are the main guidelines considered. They are distinguishable from cosmetic
sunscreens as they are marked with an AUST L number on the label, to show that they are 'listed' on the
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Australian Register of Therapeutic Goods (ARTG).
For a sunscreen to be allowed in the Australian market, the SPF should be tested on human skin as described
in the standard AS/NZS 2604:2012 and it must be formulated according to the regulatory guidelines. Only
the active ingredients listed in the regulations can be used, and the maximum allowable concentration of
each ingredient must not be exceeded. It is also a requirement for the sunscreen label to include all the
active ingredients using Australian Approved Names (AAN) along with the quantities of the ingredients
stated either directly as weight or as weight percentage [29].
There have been recent cases where the claimed SPF by the manufacturer deviated from that obtained when
the sunscreen was tested independently. In 2015, in a series of tests conducted by the consumer advocacy
group "Choice", on several brands of sunscreens available in the Australian market, only two out of six
sunscreens were reported to meet the labelled SPF value. For the sunscreens that did not pass, th ree were
tested to provide at least SPF 30 or higher, and the final product achieved SPF 29. Yet, all six sunscreens
were claimed to have SPF 50+ [30].
Further studies in the USA, in Europe and UK also suggest differences between labelled SPF and tested
SPF [31, 32]. Furthermore, it has also been suggested that results can vary between laboratories due to local
conditions. In addition, some manufacturers have used anti-inflammatory agents in sunscreen formulations,
leading to an overestimate of true SPF, because the anti-inflammatory agent has delayed the onset of
erythemal response.

1.4 Aims and Significance
This research is focused not only to understand the dynamic performance of the sunscreens but also to
enable the development of commercial sunscreens with improved protection. Within the scope of this work,
the following objectives are proposed to obtain the desired research outcome:
•

Review the current sunscreen testing methods and protocols regulated in Australia and evaluate
their efficacy.

•

Develop a method to measure the true spectroscopic integrity of a range of commercial sunscreens.

•

Determine the relationship between sunscreen efficacy, transmitted UV dose and UV Index both
in the laboratory and at a beachside location.

•

Investigate the relationship between the UV Index and the protective capabilities of the sunscreens.

1.5 Thesis Structure
The thesis is comprised of five chapters as outlined below:
Chapter 1 provides background information on skin cancer, solar UV exposure, UV and health issues
related to UV exposure in Australia, and a brief description of UV protection. A description of the aim and
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objectives of the research study, the structure of the thesis is presented in this chapter.
Chapter 2 gives an extensive review of the current literature on the information provided in chapter 1.
Firstly, the skin cancer related to UV exposure followed by the harmful effects of UV radiation will be
covered. Next, the situation in Australia and the issues related to skin cancer prevention concerning
sunscreen products will be discussed.
Chapter 3 describes the applications of UV exposure measurement, materials and equipment used
throughout this research. This chapter also discusses the study design, sample preparation, testing and data
collection methods and approaches to data analysis.
Chapter 4 reports the results of the study. The relationship between UVI and the efficacy of sunscreens is
discussed in this chapter as a sunscreen testing method that will determine the fundamental spectroscopic
properties of each sunscreen formulation.
Chapter 5 summarises the study's findings, limitations, and strengths of the research work within the scope
of study while elaborating on the significance of the results andf inally adds recommendations for future
studies.
Appendices consists of two appendices where additional data is found.
Appendix 1

UV Protection Factors

Appendix 2

Dynamic behaviour of sunscreens under “Very High” range of UVI
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Chapter 2
2. Theory and Literature Review
2.1 Solar Ultraviolet Radiation and effects
2.1.1

Ozone concentration and UV

Production of Ozone occurs by photochemical reactions in the atmosphere level known as the stratosphere.
Total ozone levels are expressed in Dobson Units (DU) as the volume of ozone in a ve rtical column of the
atmosphere. About 90% of the atmospheric ozone is in the stratosphere, which lies between 10km to 50km
up from the Earth’s surface. It is commonly known as the ozone layer, which extends between 20km to
30km. Around 10% of the ozone in the atmosphere is in the troposphere.
Ozone in the stratosphere absorbs most of the ultraviolet radiation from the Sun. Without ozone, the intense
UV radiation would render the Earth uninhabitable. Ozone screens all the UVC radiation, most of the UVB
radiation but only about half of the UVA radiation. A 1% decrease in ozone levels would increase the
surface UVB by 2% [14, 15]. Furthermore, according to WHO (1994), a 10% drop in ozone can increase
ground UV levels up to 20% [16]. Hence, the changes in the ozone concentration are monitored constantly
to calculate and forecast the UV radiation levels reaching the Earth’s surface (vide infra, section 2.2.2).

2.1.2

Other Factors affecting UVR

UV Intensity that reaches the Earth’s surface is influenced by different factors, some of which decrease the
transmission of UV and reduce the UV levels at the sea level, while some can result in increasing the UV
levels.
2.1.2.1 Latitude and Altitude
As latitude increases, the UV radiation levels gradually decrease from the equator. The main reason for this
change is the closer to the equator, the shorter the path length to the sun UV rays. This also means less
aerosol pollution and ozone to travel through in the atmosphere to reduce UV transmission [33]. Aerosols
are suspensions of small liquid or solid particles in the atmosphere and they can scatter or absorb the
incident solar UV and thus, haze, soot or dust can reduce UV at ground level by as much as 20%. [34, 35].
While the incident UV levels diminish at sea level to the North and South of the equator, at a given latitude
the UV levels increase with elevation. The WHO estimates that the solar UV radiation level increases by
10-12% for every 1000m in altitude [7]. Thus, at an altitude of 3000m there could be up to 40% more UV
than at sea level.
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2.1.2.2 Seasonal, Temporal and Climatic Factors
Different Seasons, day of the year and time of the day can cause profound changes in UV levels. The path
of the sun, which causes the seasonal and hourly shifts of UV levels, changes as the Earth rotates and orbits
the Sun.
Seasonal - Seasons happen because of the tilt in Earth’s axis relative to the orbital plane. This leads to
ground UV radiaion changes in different seasons. For example, in summer months for the southern
hemisphere (for Australia) more daylight reaches the ground as it is tilted towards the sun. On the other
hand, in winter fewer hours of daylight will reach the ground.
Temporal - UV radiation also changes as the solar zenith angle changes. Solar Zenith Angle (SZA) refers
to the angle between the suns’ rays and the local vertical. This changes according to the location with time.
Hence it keeps changing throughout the day. The shorter the distance UV radiation travels, the less
scattering or absorption occurs in the atmosphere. As a result, a shorter path length will give highe r UV
levels, which result in changes in the ground UV levels throughout the day, thus, UV levels are typically
highest at noon [36].
Climatic – Cloud cover can cause variations in UV levels. Since clouds are made of liquid or ice droplets
in the upper atmosphere, they can attenuate the UV by scattering [12]. For example, a heavy storm cloud
cover may prevent almost 100% of the UV entering the Earth’s surface, while a light cloud cover may
reduce UV levels by about half. Research show that even scattered clouds can cause reductions in ground
UV levels [37].
Diffey has estimated that annual UV radiation levels can be roughly reduced by around 25% to 33%,
depending on the location due to these factors [12].
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Over 90% of UV can
penetrate light cloud

3000m elevation means
40% more UV
compared to sea level

Clean snow reflects up to
80% of sun burning UV
60% of UV is
received between
10am and 2pm

Sunburning effectiveness increases by
4% for each 300m increase in altitude

Indoor workers receive
10%-20% of outdoor

worker’s yearly UV

Shade can reduce UV
by 50% or more

exposure

Sand reflects up to
25% of UV
At half a meter depth
UV is still 40% as
intense as at the
surface
Figure 2-1 UV radiation levels influencers (WHO 2002)
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2.1.2.3 Albedo
Albedo is the measure of the diffuse reflection of solar radiation compared to total incident solar radiation.
Albedo is measured in a scale of 0 – 1 (total absorbance – total reflectance) and is also often expressed as
a percentage.
UV radiation is reflected and scattered by different surfaces and can cause a decrease and increase in the
UV levels differently. For example, snow can reflect over 80% of incident UV radiation, increasing the
ground UV level, other surfaces that reflect UV radiation, are white painted concrete and metallic surfaces.
Consequently, even if an individual is shaded from direct sun, they may experience indirect UV radiation
exposure [7].
Figure 2-1 [7] shows how different surfaces reflect incident UV. However, UVA and UVB are reflected
differently in each of their wavelength ranges. The Earth’s average albedo is 0.3: 30% of the sunlight that
reaches the Earth is reflected. However, for the UVB part of the spectrum near the Earth surface, albedo is
typically between 3 and 5%.
Table 2-1 The UVA and UVB radiation albedo from sand, grass, water, and snow

Surface

UVA albedo, %

UVB albedo, %

Sand

13

9

Grass

2

2

Water

7

5

Snow

94

88

Chadyšienė et al. in their work have compared the albedo of UVA and UVB parts on different surfaces
[38]. Table 2-1 represents the results of these experiments. In all the surfaces except grass, UVB albedo is
comparatively low compared to the UVA albedo. Given that, reflected UVA is more likely to cause harmful
effects compared to UVB on the reflective surfaces.
Figure 2-2 summarises the percentage of diffusely reflected sunlight relative to various surface and
atmospheric conditions discussed above [39].
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Figure 2-2 Percentage of reflected sunlight by various surface and atmospheric conditions
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2.1.3

Effects of UV radiation

UV radiation brings both harmful and beneficial effects for humans. The beneficial effects include synthesis
of vitamin D, killing pathogens on the skin and treatment for some skin diseases [40]. The harmful effects
of excessive UV exposure can cause sunburn, immune suppression, photo-aging and skin cancer [41, 42].
Figure 2-3 [43] shows the factors that leads to changes in UV radiation in the atmosphere and the
consequences of exposre to harmful UV under different proximal factors. Increases in atmosphere UV
radiation can be linked with the increased adverse health effects due to excessive exposure in the lack of
efforts at sun protection. Many research has emphasized the positive impacts to health of adequate UVR
exposure due to UVR-induced vitamin D synthesis. However, net health gain or loss from higher levels of
UVR depend on several factors including the exposre to UVR levels, skin pigmentation of those exposed
and behavioural changes affecting personal exposure.
In addition to two most prominent skin cancers discussed in chapter 1, there are other adverse effects of
both acute and chronic UV radiation. These include sunburn and immunomodulation as represented in
Figure 2-4 [41].
Distal factors

Proximal factors

Disease

Figure 2-3 Causal Web for Health Impacts due to Ultraviolet Radiation

2.1.3.1 UV-induced DNA lesions and the repair mechanisms
UV radiation in the region 245nm to 290nm may induce mutagenic photoproducts or lesions in DNA [44].
If not treated they can lead to mutations in the DNA sequences [45]. Mammalian cells can repair DNA by
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removing effects of DNA lesions by different mechanisms. Growth arrest followed by DNA repair, and cell
death by apoptosis are some of these mechanisms [46]. They help prevent the spread to daughter cells that
can lead to carcinogenesis.
2.1.3.2 Erythema
Erythema, referred to as ‘sunburn’, is the redness of the skin due to excessive UV exposure. It can be
identified by pain, itchiness, swelling and, in some cases, blistering of the affected area of the skin [42, 47].
UVB is mostly responsible for sunburn as it is absorbed by the upper layers of the skin. Eryth ema action
on the skin is dependent on the skin type of each person. For people with skin type I or II, an immediate
erythema reaction can be seen. However, there can be late responses for other skin types, even after 6-24
hours [48]. It is also worth mentioning that erythema sensitivity depends on the UV dose and also on which
part of the body was exposed [49]. Hence different parts of the UV spectrum contribute differently to the
erythema reaction. As a result, CIE developed the erythema action spectrum for human skin, which provides
a weighting function to determine erythemal effects on humans at each wavelength of the UV spectrum. It
used in the calculation of UVI and sunscreen protection factors [50].
2.1.3.3 Melanin Pigmentation
Melanin pigmentation is responsible for the effect known as “tanning”. Melanocytes are the root cause for
skin colour the hair, they also protect against harmful UV [51]. Melanocytes are found in the base of the
epidermis [52-54]. The difference in skin colour of Fitzpatrick skin prototypes is due to the degree of
pigmentation in each skin type. When melanin pigmentation or tanning occurs, it can happen in two phases.
Immediate Pigment Darkening (IPD) is when no new pigment synthesis occurs, and the skin colour changes
as a result of redistribution of melanocytes. In Delayed Tanning (DT), the number of melanocytes increases
due to UV exposure. As a result, it increases the melanin in the epidermis [40, 55]. Pigmentation generally
occurs due to UVB even though high doses of UVA and visible radiation can induce a considerable tan by
IPD [56].
2.1.3.4 Eye damage
Acute effects of exposure to solar UVR on the eye include:
•

Photokeratitis—inflammation of the cornea and the iris

•

Photoconjunctivitis—inflammation of the conjunctiva—membrane lining the inside of the eyelids
and white of the eye. It is more commonly known as snow blindness or welder’s flash.

Evidence shows ongoing exposure to solar UVR contributes to age -related macular degeneration and
cataracts which both cause blindness. Cortical cataract is a type of eye disease that can happen due to
excessive UV exposure [57, 58]. Recent data show that the UVB part of the spectrum is a major contributor
to cataract in the eye[59-61]. A cortical cataract starts as whitish, wedge-shaped opacities on the outer edge
of the lens cortex. Then it slowly extends to the centre and interfere with light passing through the centre
of the lens.
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Long-term effects may also include pterygium which is white or creamy opaque growths on the cornea,
squamous cell carcinoma of the conjunctiva and cancer on the skin surrounding the eye.

Figure 2-4 Acute and Chronic UV effects on skin (Matsumura, 2004)

2.1.3.5 Skin cancer among organ transplant patients
The organ transplant recipients are required to maintain a host tolerant environment with the use of
immunosuppressive therapy. However, this contributes to an elevated risk of skin cancer resulting in
development of cSCCs and BCCs [62, 63] through exposure to even low levels of solar UV [64]. Cutaneous
squamous cell carcinomas occur up to 250 times and basal cell carcinomas around 10 times more often in
transplant recipients compared to rest of the population [65].

2.2 Measurement of UVR
UV radiation can be measured in different ways. The biological effects of solar radiation change
significantly on the wavelengths present in a particular UV source. As a result, the measurement of these
sources is of great importance, especially to determine the specific part of the spectrum causing a given
biological effect.
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2.2.1

Solar Spectrum

2.2.1.1 Extraterrestral Spectra
The Total Solar Irradiance (TSI) or extra-terrestrial solar irradiance is the total sum of direct solar radiation
received at the top of the Earth’s atmosphere, at the mean sun-Earth distance. When the sun and Earth are
at 1 Astronomical Unit (AU) distance, the sun's irradiance on the outer atmosphere is defined as the solar
constant. The currently accepted value is 1360W.m -2 [152]. The World Metrological Organization (WMO)
adopts a value of 1367W m-2 [66].
Figure 2-5 [67] shows the spectrum of the radiation outside the Earth’s atmosphere in comparison to the
spectrum of a blackbody at 5800K. The range shown, 200 - 2500 nm, includes 96.3% of the total irradiance
with most of the remaining 3.7% at longer wavelengths.

Figure 2-5 Spectrum of the radiation outside the Earth's atmosphere compared to spectrum of a 5800K blackbody

2.2.1.2 Terrestrial solar spectrum
The solar radiation spectrum at the Earth’s surface is divided into a number o f components as shown in
Figure 2-6 [68]. While direct solar radiation comes from the sun, diffuse radiation is referred to the radiation
that is scattered from the sky and the surroundings. The reflected radiation from the ground or sea also
accounts for the total ground radiation. The total ground radiation is referred to as global radiation.
Furthermore, the level of absorption and scattering change according to the changes in the atmosphere's
constituents. For example, clouds block the majority of direct radiation. Change in seasons and the changes
in the ozone layer affect the UV levels. The ground level spectrum fluctuates depending on the path length
of solar radiation. Moreover, for any given site, the radiation path length keeps changing throughout the
day. Hence, the UV intensity varies in-ground solar radiation during the day, reaching zero at night, and
the radiation spectrum changes each day.
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Figure 2-6 Different forms of solar radiation arriving on Earth’s surface

With the sun directly above, the radiation that extends to the ground goes directly through the entire
atmosphere overhead. This radiation is called "Air Mass 1 Direct" (AM 1D) radiation, and the "Air Mass 1
Global" (AM 1G) radiation is defined as the total global radiation with the sun directly above.
2.2.1.3 Standard solar spectrum
As discussed above, the solar radiation that reaches the Earth's surface changes considerably with the
location and conditions of the atmosphere. Since the solar spectrum depends on various conditions, the
standard spectrum has been created to offer a foundation for the theoretical assessments of solar radiation's
effects. Furthermore, it enables a basis for a solar simulator design.
Table 2-2 Power Densities of Published Standards [67]

* Integration by modified trapezoidal technique
Solar Condition

Standard

Power Density (W.m-2)

WMO Spectrum

1367

Total

AM 0

ASTM E 490

1353

AM 1

CIE

AM 1.5 D

85,
table
ASTM
E 2891

AM 1.5 G

ASTM E 892

250 - 2500nm

250 - 1100nm

1302.6

1006.9

768.3

969.7

779.4

963.8

756.5

584.7

Publication
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The standard spectra published by The Committee Internationale d’Eclaraige (CIE) are broadly utilized in
research. However, the American Society for Testing and Materials (ASTM) has also published three
spectra as given in Table 2-2.

Figure 2-7 Standard spectra for AM 1.5. The direct spectrum is from ASTM E891 and global ASTM E892

Figure 2-7 [68] shows typical differences in standard direct and global spectra. These curves are from the
data in ASTM Standards, E 891 and E 892 for AM 1.5, a turbidity of 0.27 and a tilt of 37° facing the sun
and a ground albedo of 0.2.
Figure 2-8 [67] shows the detail in the ultraviolet portion of the World Metrological Organization's (WMO)
extra-terrestrial spectrum and a portion of the CEI AM 1 spectrum.

Figure 2-8 Comparison of the UV portion of the WMO measured solar spectrum and the modelled CIE AM 1 direct
spectrum
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2.2.2

UV Index

As discussed in the previous section , there are many factors that result in changes in the ground UV level.
However, the ozone level in the atmosphere plays a major role in the change of surface UV levels. Hence
in the estimation of ground UV levels, measured stratospheric ozone levels from the previous 24h are used
to forecast the levels for the next 24h and these data are used to forecast the stratospheric ozone levels for
the next day at many points across a region. Computer model is used to ca lculate the strength of UV
radiation at ground level using the ozone forecast and the incident angle of sunlight at each point. Next, the
UVI is found by calculation through weighting the forecasted solar spectral irradiance by the erythema
action spectrum by CIE (Commission Internationale de l’Eclairage (name in French)), a measurement of
the comparative damage to the skin in relation to wavelength [7, 69, 70] (vide infra section 2.2.3).
The UV index (UVI) is the international standard measurement for the intensity of UVR, the first country
to use UVI to forecast UV levels was Canada, as they developed the UV Index to predict daily UV levels
[7, 71]. However, World Health Organization (WHO) replaced the current standard of the UV Index, and
it is agreed upon to be used globally by various organizations such as ICNIRP (1995), WHO (2002), CIE
(2003) and European Commission (2006).
400nm

UVI= 𝑘𝑒𝑟 ∫250nm I(λ)ɛ(λ)dλ
Where,
I (λ) = solar spectral irradiance in W.m-2 ·nm-1
k er = 40 m2 .W-1
ε(λ) = Erythema reference action spectrum coefficient is given by,
1,
100.0940⋅(298−1000λ),
ε(λ) = { 0.0150⋅(139−1000λ)
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In Australia, the Australian Radiation Protection and Nuclear Safety Agency (ARPANSA) and Bureau of
Meteorology (BOM) generates the UVI forecasts for the people to follow with guidelines on UV protection
as shown in Figure 2-9 [72]. Since there are many factors account for the changes in ground UV radiation,
the forecast is only made for two to three days. Any changes of the factors discussed previously can
introduce a different result in the calculation. Hence, the UVI forecast is used as a tool which provides
guidance to the population on how to prepare for the day, specifically for a person with skin type 1.
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Figure 2-9 Australian Bureau of Meteorology (BOM) weather report for Sydney for three consecutive days

2.2.3

Erythema action spectrum

An action spectrum is a factor that is used to describe the relative effecti veness of energy at various
wavelengths in producing a specific biological reaction. An action spectrum is applied as a "weighting
function" for the UV spectrum to find the actual biologically effective dose in a particular effect. The result
is called the erythema action spectrum.
The erythema action spectrum is broadly utilized in evaluating the negative impacts of UV radiation (often
from the sun) on human skin. However, it is also applied in calculating UV for other UV effects, e.g., skin
cancer, vitamin D synthesis and effects on plants and even for weathering. The action spectra for above
mentioned are comparable but are not accurately identified. Therefore, many UV radiometers measure the
erythemal UV directly imitating the erythema action spectrum [73]. The erythema action spectrum is
introduced in reference to the action spectrum proposed by McKinlay and Diffey is presented in Figure 210 [50]. The erythemally weighted irradiance is the integral under the blue curve.
In the process of determination of the erythemal weighted irradiance, the solar irradiance spectrum is
multiplied for each wavelength with the erythema action spectrum, followed by integration of the resultant
curve over the range 250nm to 400nm of wavelengths provides the erythemal weighted irradiance [7].
The ratio between minimal erythemal doses on sunscreen protected skin (MEDp) to the minimal erythemal
dose on unprotected skin (MEDu gives the SPF for each sunscreen. Minimal Erythemal Dose isthe quantity
of UV radiation needed to induce perceptible erythema after exposure up to 24h after exposure The
erythema action spectrum proposed by McKinlay and Diffey [70] and CIE is used in weighting for the
calculation of SED – Standard Erythema Dose. The SED does not depend on the personal Ultraviolet
radiation sensitivity and the emission spectrum. 1 SED is corresponding to an erythema sufficient radiant
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exposure of 100 Jm-2. The intensity of erythemal UV radiation is directly proportional to the UV index.

Figure 2-10 Erythema action spectrum (green), typical solar spectrum (red), and erythemally weighted solar spectrum
(blue)

2.3 Commercial sunscreens and UV protection
The effectiveness of commercial sunscreens in providing protection from incident solar UV relies largely
on having effective testing protocols in place. The broad availability of sunscreens presupposes that they
have met the requirements of all testing protocols. In the following discussion, the background to these
protocols and the data they measure is examined.
Sunscreen can be tested in vitro or in vivo. In vitro testing takes place in a laboratory environment with
conditions simulating exposure using a UV radiation source, while in vivo testing is performed on
individuals and may in turn employ natural or simulated UV conditions. The testing generates metrics such
as the Sun Protection Factor which appears on sunscreen labelling.
A more thorough review on UV protection factors is found in the appendix.

2.3.1

In vivo testing

In the in vivo method, the efficacy of sunscreens and the sun protection factor SPF is obtained by testing
sunscreens on human subjects. In Europe, the in vivo SPF value is only considered acceptable if that is
tested on at least ten subjects [74, 75]. The in-vivo testing of sunscreens efficacy is not without drawbacks.
Firstly, it is expensive method in terms of cost and time. Secondly, it introd uces ethical concerns due to the
probable harm to skin volunteers. Thirdly, only the erythema, which is caused by UVB and UVA-II, can
be evaluated; thus, the protection against the other parts of the UVA spectrum of UV radiation is not
evaluated.
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2.3.2

In Vitro Testing

A variety of in vitro evaluation techniques for testing the efficacy of sunscreen is in use, the majority based
on the use of the spectrophotometer. The spectrophotometric methods involve either measuring the
transmission of a dilute solution of the sunscreen in a suitable solvent or measuring the UV transmission
through a thin film. Unlike the dilute solution method, in this procedure, the transmission spectrum of the
sunscreen is determined similar to a situation where a user applies sunscreen to the skin. The advantage of
this method is that there is more comparability of the theoretically obtained spectrum to that of the sunscreen
preparation on the skin [76, 77]. However, it is worthy of mentioning that the roughness of the test substrate
can significantly affect the test results and influence the reproducibility of the measurements [78]. Hence,
Cosmetics Europe and ISO both recommend plates with controlled topographic parameters in their
standards [74, 79, 80].
Currently, the in vitro testing standards are different from region to region. Most popular standards include
FDA standard in the USA, German DIN standard, Boots Star rating system in the UK and Australian/New
Zealand standard. The differences in these standards result in disagreeing with numerical values creating
confusion for both manufacturers and consumers.
AS/NZS 2604 Broad Spectrum (2012) is the current version of the in vitro standard in Australia which,
closely follows the test method described in ISO 24443(2012) in determining Sunscreen’s UVA Protection.
Both the UVAPF Ratio and Critical Wavelength must to be calculated to label a suns creen “Broad
Spectrum.” By applying testing sunscreen with a rate of 1.3mg.cm -2 on the substrate, the transmission of
UV is recorded between 280 nm to 400 nm. For sunscreen with an SPF value of 15 or more, this test is
compulsory in Australia. Furthermore, the UVAPF/SPF Ratio is required to be 1/3 at least, and the 370nm
to be the Critical Wavelength [29, 80].
In contrast, in the FDA, the method for the US, absorption of a 0.75mg.cm -2 film is measured in the
wavelength region 280nm and 400nm. The critical wavelength is calculated at the point where 90% of the
area under the curve is, commencing at the UVB end—however, the standard requests pre-irradiation of
the sample [81]. In the UK, the Boots star rating system gauges the UV transmittance of a sunscreen film
on a Polymethyl methacrylate (PMMA) plate. The absorption of 1 mg.cm -2 film is measured in the UV
range of 280nm and 400nm. The UVA and UVB absorbance ratio is calculated after measuring before and
after irradiation of the sunscreen product. Rating scale range from 3 to 5 stars. More stars imply more
protection (by ratio).
Consequently, the differences in standards compared with other parameters such as laboratory conditions
and location could pose a severe health risk to most users, relying only upon the product labels. None of
the methods interrogate the true spectroscopic integrity of a sunscreen formulation. Only by measuring this
can the basic UV transmission properties be obtained. Here it is ardued that this should be the first
measurement made upon a new formulation. Hence, it is urgent to establish a globally harmonized standard
for in vitro sunscreen testing [82].
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2.3.3

Use of Sunscreen

Australia makes the most efforts in controlling skin cancer. Awareness of Sunscreen application is one of
the main components in the prevention campaigns. Until recently, Australia has agreed that sunscreen
should be applied before planned outdoor exposures and re-applied every two hours when spending time
outside. However, there is no specific advice about using sunscreen routinely to prevent disclosures during
everyday activities. Lately, studies have found out that cumulative mutational damage can occur through
repeated exposure to UV [83]. Furthermore, the National Sun Survey has reported that incidental exposure
causes sunburn [84]. They have already taken the initiative to review the evidence to determine whether
existing sunscreen policies should be changed.
2.3.3.1 Application thickness
Another issue in the use of sunscreen is the application thickness. When the sunscreen protection factor is
determined, the application thickness is considered to be around 1.3 -2.0mg.cm-2, which differs according
to the testing standard used [1,2,65]. However, it is a well-established fact that the sunscreen levels applied
by the user are much less in actual use. It is reported to be around 0.5 -1.2mg.cm-2 [85-89]. Diffey et al. has
shown that application thickness has a major effect on protection. Most users achieve a mean between the
value of 20-50% of the expected protection factor due to the application thickness (Figure 2-11) [90, 91].
A one-day study on a nude beach, where the test included not only both men and women but also children
applying sunscreen, and the application thickness was recorded to be 0.5mg.cm -2 [85]. Another study was
done with a set of volunteers, about their usage of daily sunscreen average application thickness was around
0.79mg.cm-2 [92]. Similarly, in Teramura et al.’s study of “Relationship between sun-protection factor and
application thickness in high-performance sunscreen,” the test subjects applied approximately 1mg.cm-2
sunscreen on average. Under the controlled condition where the test subjects were directed to use twice the
amount they usually do, the thickness increased to nearly 2mg.cm-2 as expected [93]. Hence, Teramura
claims that encouraging the public to double the sunscreen application can help achieve the expected SPF
efficacy.
Furthermore, A. Diaz et al. carried out a study to investigate sunscreen application trends in children. This
study shows that children’s sunscreen application depended upon the type of container, and the mean
thickness was around 0.48mg.cm-2 [94]. However, this study was only carried out for one brand of
sunscreens even though Diaz claims that previous tests results from different brands suggest that the
application thickness is independent of the brand used.
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Figure 2-11 Variation in SPF with applied thickness for a sunscreen labelled SPF 15 tested at normal usage.

Application of sunscreens by individuals has been extensively studied, and a recent review [95]summarised
the outcomes of 55 such studies involving, in total, several thousand volunteers. Consequently, lower
thickness leads to a lower protection factor than anticipated. This is supported by various studies suggesting
a logarithmic and linear relationships depending on the type of sunscreens used [96-100]. Higher SPF
sunscreens tend to have an exponential relationship between the dose and the response. However, the final
result would be a lower thickness yielding lower protection. Hence, it is evident that the testing condition
does not match the sunscreen use's actual scenario. The consumers should be instructed to apply more
sunscreen, and the testing conditions should be changed to comply with the real case.
2.3.3.2 Application Technique and Re-application
Another concern is the uniformity of the sunscreen layer, which is related to sunscreen th ickness. When
testing is done in a laboratory environment, care is taken to ensure that a uniform coating is achieved. This
is mostly acquired using specific tools such as drawdown bars and blades. In practice, users do not take
extra care or are not even conscious about the application uniformity [87, 99, 100]. However, the sunscreen
layers' uniformity can directly impact the evaluation process's test results [101]. Peter and Roger took a
photographic approach to demonstrate the uniformity of sunscreen application to the skin. Even though this
study was non-quantitative, the results show how the application technique can result in an uneven
sunscreen layer [102]. Rhodes and Diffey have conducted quantitative analyses to assess sunscreen
application by in vivo fluorescence spectroscopy [103]. However, Lott et al. [104] state that even skilled
technicians cannot apply a sunscreen product uniformly no matter the substrate type. Hence, non-uniformity
results in variations throughout the evaluation process.
Furthermore, the public is advised to re-apply sunscreen every two hours. This is mainly because
sunscreen’s ability to protect can become compromised due to water immersion, sweating or getting wiped
off or scratched [105, 106] or merely being exposed to sunlight [107, 108]. However, studies found that
consumers do not follow the guidelines and get sunburnt due to failure to use the sunscreen appropriately
and reapply it accordingly [109]. Several studies have investigated the sunscreen re-application. Heerfordt
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has shown that a double sunscreen application enhances protection compared to a single application. After
double application, the median participant in his research applied between 13% and 100% more sunscreen
at the selected skin sites [110]. In another study with 30 office workers, where 15 were randomly assigned
to have different SPF sunscreens re-applied after 3 hours of the first application, the UV absorption readings
were found to have no significant difference [111]. Similar findings in a study with golfers by Rigel et al.
found no difference in erythema reaction after re-application in 2 hours [112]. Furthermore, if the consumer
applies the recommended formulation and amount, Bodekaer claims that one application is adequate to
prevent erythema reactions caused by UVB [113].
Diffey has developed a mathematical model to investigate how different factors, such as re -application, can
influence photoprotection [114]. Their study recommends re-application of sunscreen to the exposed areas
after 15-30 minutes from sun exposure or after activities that can cause the removal of sunscreen. It should
be noted that re-application of sunscreen is useful during exposure, especially to compensate for the initial
under application or replace the removed sunscreens after activities. However, Bodekaer’s study showed
that accumulated SPF 30 sunscreen on the skin provided higher protection than anticipated when applied
three times daily [113]. However, suppose the appropriate amount of sunscreen of a suitable SPF is used
initially. In that case, there is no need to re-apply for at least eight hours in the absence of activities that
may remove sunscreen from the skin [115].
However, as per the manufacturer’s claim, the sunscreens must be applied at least 15 -30 minutes before
sun exposure. In comparison, during sunscreen evaluation, a drying time of 15 -20 minutes is required.
However, the time it takes for a sunscreen to settle depends on the testing methods, laboratory conditions
and more importantly, each sunscreen formulation will behave differently according to how tested [114,
116, 117]. As a result, the labelling must display the correct application requirements for each sunscreen.
Nevertheless, a recent study claims that sunscreens offer immediate protection from UV after application
[118], although more studies on the matter are needed to support or refute the claim.
2.3.3.3 Lack of understanding
Apart from all the issues mentioned above, the most underestimated problem may be the lack of
understanding of sunscreen and its efficacy. Various reasons lead to misunderstandings about sunscreens
[119, 120]. It is a prevalent misconception that SPF 50-60 sunscreen would be twice as effective as SPF
25-30 sunscreen, or SPF 30 would be twice as effective as SPF 15 [121]. An SPF 30 sunscreen would
absorb 96% of the UV, and an SPF 50-60 sunscreen absorbs 98% UV. However, the amount of UV that
reaches the skin is vital to the user, not the amount filtered out. Figure 2-12 shows the effect of UV
transmission and absorption dose using sunscreens of different SPF [122].
Furthermore, many cosmetic products contain sunscreen formulations and usually display their SPF value
in the packaging. This may lead the consumers to believe that the moisturizers or makeup is enough to
provide the protection they need. Hence regulations should be made to avoid such confusions among
sunscreen users.
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Figure 2-12 UV effectivity of different sunscreens according to their SPF

2.3.4

Need for a global standard

As mentioned above, the factors can extensively affect the evaluation conditions, the testing methods have
been critiqued and argued upon throughout the years. There is still much work to discover and eliminate
discrepancies between testing protocols in vitro and in vivo. Of course, due to the number of variables
involved in the process, it is not surprising to have such variations. However, it is also evident that due to
a product containing different ingredients made at other factories, the products can v ary across the world,
though there needs to be a level of consistency involved. Another aspect to check is whether a person’s
MED changes over time, specifically in a short period. If it does, that could also result in testing variations.
Sunscreens also cause users' concerns due to side effects such as dermatitis, vitamin D deficiency, potential
toxicity of nanoparticles, hormonal influences, and potential environmental damage.
Several requirements need to be considered in the establishment of adequate UV protection before the
policies are set. In 2009 Uli Osterwalder identified four critical components for sufficient UV protection.
They are technology, assessment/measurement methods, norms and standards, and compliance [122].
These requirements are interdependent and are affected by various participants, as displayed in Figure 213 [122].
Due to its high UV radiation levels, Australia means two out of three citizens are expectedto be diagnosed
withone form of skin cancer before the age of 70 [95]. Studies show that the skin sustains damage through
repetitive, sub‐erythemal UV exposures [82], and National Sun Survey reported that sunburn usually occurs
due to minor exposures. Hence, while education on UV radiation and high exposure prevention are
essential, a globally harmonized regulation on testing and safety is necessary to eradicate the confusion
among sunscreen users and develop a reliable testing method.
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Figure 2-13 UV protection: four key requirements and influencing stakeholders
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Chapter 3
3. Materials and methods

This study aimed to develop a procedure to evaluate the efficiency of commercially available sunscreens
under the extreme UV conditions experienced in Australia. Ten sunscreens were chosen after a review of
popular brands in a branch of Chemist Warehouse in Wollongong. The formulations chosen covered several
compositional scenarios, including all organic active ingredients, all inorganic active ingredients, and
mixtures of the two. The formulations were exposed to UVR in outdoor conditions under natural sunlight
and laboratory solar simulation conditions. The results were analysed to develop a mechanism to establish
an advanced testing procedure to match Australia's extreme UV conditions.

3.1 Setup
In this work, a test rig formerly used in this laboratory for monitoring the effects of UV and photocatalysts
upon live cells [123, 124] was initially employed; the unit had been based upon that employed by Parkin
[125]. The limitations for application of this device to sunscreen study rapidly became apparent, and a new
unit was designed with an adjustable shelf mounting frame and improved heat regulation. This is shown in
Figures 3-1 and 3-2, where the new design features may be clearly seen, including the multiple adjustable
shelves, essential for positioning both the sample relative to the UV lamp and the detectors (both UV and
UVI) relative to the position of the samples.
The UV source is installed inside the phototoxicity box to minimise the risk of exposure to UV radiation.
Figure 3-1 represents the design of the phototoxicity box. The box is entirely made of Aluminum with 5mm
thick matt black painted inside to reduce reflections. The front door is a Perspex glass door. Perspex can
absorb 99% of UV radiation and transmits 92% visible and IR. A separate frame mounts the sample along
with the filters and the radiation sensors. The UV source to sample distance can be adjusted for different
measurements without changing the distance between the sample and the sensor or the sample and the filters
using the shelf mounts.
Figure 3-2 (i) shows the designed UV box, and Figure 3-2 (ii) shows how the setup was operated inside a
fume cupboard to ensure added safety from UV exposure.
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Phototoxicity box

Shelf mounting frame

(a) UV Lamp

(e) Hole to take wires out

(b) Fan

(f) Perspex door

(c) Holes for heat regulation

(g) Aluminum walls

(d) Shutter

(h) Adjustable shelf mounter

Figure 3-1 Base design for the UV phototoxicity box

Figure
UV box used
in experiments
(i) 3-2 Designed
Shelves mounted
frame
inside
(ii)

Setup operated inside a fume cupboard
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In common with the previous rig, an Osram Vitalux 300W mercury vapour lamp [126] was mounted in the
new device. A previous study had indicated that little difference was observed between SPF values
determined with this lamp compared with those obtained using a filtered Xenon arc [127]. The spectral
output of this lamp is shown in Figure 3-3.

Figure 3-3 Spectral distribution of Osram Ultra Vitalux provided by manufacturer

The light emits UVA and UVB and visible and some IR radiation, enabling an artificial solar simulation
environment. The UVA and UVB yield 13.6W and 3W power, respectively. Since most of the radiation is
visible and IR, the light source generates a considerable amount of heat during usage. During l ong
exposures, the temperature inside the box reaches around 35 degrees. Hence a fan is used to regulate the
heat inside the phototoxicity box.

3.1.1

UVR Intensity Meter

The UV radiation intensity is measured in energy per square centimetre received per second, and its unit is
milliwatts per square centimetre (mW.cm-2). Alternatively, UV intensity is gauged in millijoules units per
square centimetre (mJ.cm-2), as the energy received per unit area in each time.
UV intensity meter is often introduced as a UV dosimeter. The working principle of the UV intensity meter
is the photoelectric conversion. UV intensity meter generally comprises a selenium or a silicon photocell
and a microampere meter. A photovoltaic cell is an electronic element that produces electricity when
subjected to photons or light particles. When light reaches the sensor, it goes through the metal film and
reaches the interface between the semiconductor and the metal film, generating a photoelectric effect at the
interface. The induced potential difference level is proportional to the illuminance on the light-receiving
surface of the photocell. After reading the voltage amount, the processor calculates the ultraviolet ray's
irradiance according to a specific ratio and displays the data on the screen.
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In this work, Sper Scientific Ultraviolet UV Light Meter, model 850009, is used in measuring the UVR
dose transmitted through sunscreen films. It can be used to measure long and medium wave UV-A/B. The
large backlit display shows UV light intensity in the units of µW or mW.cm-2. The lower display shows the
minimum, maximum, average, and recorded data simultaneously. It has a N.I.S.T. traceable certificate of
calibration. The specifications of this meter are given in Table 3-1.
Table 3-1 Specifications of UV meter

Wavelength:

Calibration

290nm to 370nm

3.1.2

Point:

365nm

UV Range:

Resolution:

Accuracy:

1µW.cm-2 to

1µW and

±4% ±1 digit

40.00mW.cm-2

0.01mW.cm-2

(@23 ±5ºC)

UV Index Meter

The UV index is a measure of the level of solar UV radiation reaching the Earth’s surface. UV Index meter
measures the UV radiation incident on its sensor and calculates the UV Index weighing according to the
erythema action spectrum. In this work, the SOLARMETER 6.5 UV index meter is used to measure the
samples' UV Index incident. Model 6.5 is recommended for use by ARPANSA (Australian Radiation
Protection and Nuclear Safety Agency). Its sensor is a Silicon Carbide (SiC) photodiode. It has an erythemal
effective Metal Oxide filter with a Teflon diffuser cap. The specifications of this meter are given in Table
3-2.
The Solarmeter Model 6.5 can be used to measure both the direct (reduced by cosine law depending on
solar zenith angle) and diffuse (diffused by the atmosphere) solar irradiance. The vertical reading indicates
an average intensity value a person experiences on a playground or relaxing on the ground. If the person
faces the sun at right angles to the sun angle, they experience a higher UV intensity. This value is obtained
by pointing the Solarmeter right at the sun. This reading normally surpasses the actual UV index by
providing the highest possible UVI at the point of examination.
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Table 3-2 Specifications of the Solar meter 6.5 [161]

Specifications

Radiometer

Model

6.5

Irradiance Range

290-400nm Diffey EAS

Peak Sunlight Response

290-298nm

Resolution

0.1 UVI

Conversion Rate

3.0 Readings/Sec

Display

3.5 Digit LCD

Operating Temps

0°C to 40°C

Operating Humidity

5% to 80% RH

Accuracy

±10% REF.NIST

Dimensions (L×W×D)

10.5 x 6 x 2.2cm

Weight

110g

Power Source

9-Volt DC Battery

Lens

Silicon Carbide (SiC) Photodiode

Diffuser

Virgin Teflon .005

Figure 3-4 Solarmeter 6.5 spectral response (Linear)

Figures 3-4 and 3-5 [128] shows the spectral response of Solarmeter 6.5. Solarmeter has a spectral response
in equivalence to the erythema action spectrum in the range 290-400nm.
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Figure 3-5 Solarmeter 6.5 spectral response (logarithmic)

The meter provides an instantaneous UVI with ±10% accuracy to the actual value as presented in Figure 36.

Figure 3-6 Solarmeter 6.5 UVI comparison with actual UVI
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3.1.3

Selection of Commercial Sunscreens

As the first step in selecting sunscreens, market research was carried out to find out as many sun screening
products as possible. More than 100 sun screening products from around 30 brands are available for the
Australian population to choose from. These include different forms of sunscreens, including creams,
sprays, lotions, and roll-ons. SPF values for these sunscreens vary from SPF 15 to SPF 50+. These products
include the following active ingredients in different concentrations, as represented in Table 3 -3.
Table 3-3 Active ingredients of sunscreens employed in this study as a percentage of formulation

Active (type)↓

SPF →

A

B

C

15

30

Homosalate (UVB)
Octocrylene (UVB)

7.0

7.0

D

E

F

G

H

30

50+

50+

50+

50+ 50+

7.0

10.0

13.0

5.0

3.0

8.0

5.0

8.0

DHHBa (UVA)

I

4.0

Octylsalicylate (UVB)

4.5

BMDBMb (UVA)

4.5

Bemotrizinol (UVA&B)

2.5

PBSAc (UVB)

1.5

4-MBCd (UVB)

3.5

3.0

5.0

5.0

3.5

3.0

4.5

J
50+

7.5

0.5

5.0

2.5
3.0

OMCe (UVB)

10.0

Octyletriazone (UVB)

1.0

MBBTf (UVA&B)

1.0

TiO2 (UVA&B)
ZnO (UVA&B)
a=

diethylaminohydroxylbenzoyl

9.8
22.0
hexylbenzonate,

2.0

2.0

4.2
27.5

b=butylmethoxydibenzoylmethane,

c=

phenylbenzimidazole sulfonic acid,
d= 4-methylbenzylidenecamphor, e = Octyl methoxycinnamate, f = Methylene bis-benzotriazolyl
tetramethylbutylphenol
Table 3-4 describes the active ingredients with their absorption category. Some active ingredients absorb
UVA or UVB only, while some ingredients work as broad-spectrum absorbers. Hence a formulation of
these ingredients can work as sunscreen agents to prevent users from getting over exposed to UV.
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Table 3-4 Description of active ingredients

Active ingredient

4 - Methyl benzylidene
Camphor (Enzacamene)

Bemotrizinol

Butylmethoxydibenzoylmethan
e (BMDBM)/ Avobenzone

Chemical/ Crystal Structure

Formula

C18 H22O

C38H49N3O5

Absorption
category

UVB

Broadspectrum

C20 H22O3

UVA

C24H31NO4

UVA

Diethylamino Hydroxybenzyl
Hexyl Benzonate
(Uvinul A plus)

Drometrizole Trisiloxane

C24H39 N3O3 Si3

Ecamsule

C28H34O8S2

Ethylhexyl Triazone (Octyl
Triazone)

C48H66N6O6

Broadspectrum

UVA

UVB
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Homosalate

C16 H22O3

Methylene Bis-Benzotriazole
Tetramethyl butylphenol

C41H50N6O2

(Bisoctrizole)

Octocrylene

UVB

Broadspectrum

C24H27NO2

UVB

C18 H26O3

UVB

Octyl Salicylate

C15 H22O3

UVB

Oxybenzone

C14 H12O3

UVB

C13H10N2O3S

UVB

Octyl Methoxy-Cinnamate
(OMC)

Phenyl benzimidazole Sulfonic
Acid (Ensulizole)

Titanium Dioxide

TiO2

Zinc Oxide

ZnO

Broadspectrum

Broadspectrum
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Within the allocated budget of the research project, ten products were chosen from commercially available
sunscreens with different concentrations of the above ingredients to evaluate their efficacy.

3.1.4

Testing Procedure

Testing procedure adapts the ISO standard 24443:2012 [74] for in vitro sunscreen testing. The standard
provides a guide to determine the UVAPF value for sunscreens. In this work, the procedure closely follows
similar steps to the standard as listed below.
1. Apply the sunscreen to a rigid UV transparent substrate.
2. Dry the film down onto the substrate.
3. Expose the sample to UV irradiation to imitate the use effect of sunlight.
4. Measure the absorbance/transmittance over the wavelength range of 290 nm to 400 nm.
5. Compute the results to evaluation.
The commercial sunscreens are tested accordingly to develop a procedure that can incorporate UVI.

3.1.5

Sample preparation

The sample preparation was carried out in line with ISO standard 24443:2012. The transparent substrate is
a quartz plate with a surface roughness of 80/50 scratch/dig. 80/50 is an acceptable cosmetic standard given
by US Military Specification MIL-O-13830B. 80/50 Defects are distinct but evident in typical room light.
This specification is standard for commercial and non-critical optical applications. The sample size is 7.5cm
× 5.0cm x 0.1cm. The substrate is cleaned with ethanol, and a sunscreen film is made with an appropriate
application technique.
3.1.5.1 Application technique
According to ISO standard 24443:2012, the application rate should be maintained at 2mg.cm -2. However,
as suggested by the literature, often, the users apply around 0.5-1.2mg.cm-2 [95]. Furthermore, since each
sunscreen contains different ingredients in different concentrations, their density varies. Hence, using the
same rate will result in sunscreen layers with different thicknesses. Consequently, the application technique
is the most critical parameter in reproducibility. Accordingly, two application techniques are adapted to
ensure the best results. Firstly, by application with a drawdown bar/rod, a consistent application thickness
is maintained. Secondly, by calculating the application rate, the average application thickness was
measured.
BEVS bar applicator (BEVS Industrial Co., Ltd, China) shown in Figure 3-7 was used in the preparation
of consistent sunscreen films. The bar applicator controls the film's thickness by the grooves' area between
the bar's coils. A 6µm thickness bar was used in the preparation of consistent sunscreen films, as shown in
Figure 3-8. The speed, pressure and direction of application can cause irregularities in the film. A second
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method of calculating the application rate was employed to improve these conditions and ensure the
drawdown speed and direction of the application are kept consistent.

Figure 3-8 BEVS bar coater

Figure 3-7 Sunscreen coated substrate sample

In calculating the application rate, the substrate's mass was measured before applying sunscreen and after
making the sunscreen film and leaving it to dry for 20 minutes. A Chyo JS 110 laboratory-scale with a
precision of 0.0001g presented in Figure 3-9 was used in the measurement.

Figure 3-9 Chyo JS 110 laboratory-scale
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Within the available resources, there were no other methods to measure the application thickness of the
sunscreen layer directly. However, by measuring the mass of the sunscreen layer each time after application
on the substrate, the error that may be introduced due to the uneven application was calculated for each
sunscreen.
𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑎𝑟𝑒𝑎 (𝐴) × 𝐹𝑖𝑙𝑚 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (𝑡) =

𝐹𝑖𝑙𝑚 𝑚𝑎𝑠𝑠 (𝑚’)
𝑆𝑢𝑛𝑠𝑐𝑟𝑒𝑒𝑛 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑑)

For a particular sunscreen, the density and the area of the film are constant. Hence, in the laboratory
environment under controlled temperature,
film thickness (t) ∝ film mass (m′)
A sample calculation is given in Table 3-5.
Table 3-5 Measurements of mass for sunscreen films for an SPF 50 sunscreen

Sample SPF 50 Sunscreen
For 6µm layer

Mass (g)

Empty substrate (m0)

8.9428

8.9429

8.9427

Sample (m)

8.9647

8.9648

8.9646

Sunscreen layer mass (m′) = 0.0219g

Relative uncertainty is approximately 1%

Hence, the film preparation can be done with approximately ±1% accuracy . For example, the achieved
thickness for three sunscreens: one with fully organic components, one with a mixture of organics and
inorganics, and another with fully inorganic components in their formulations can be calculated
approximately assuming their density as presented in Table 3-6.
Table 3-6 Calculation of achieved film thickness

Sunscreen

Sunscreen layer mass

Assumed sunscreen

Achieved thickness

formulation

(g)

density (g.cm-3 )

(µm)

Fully organic

0.0219

1.0

5.8

Mixture

0.0231

1.1

5.6

Fully inorganic

0.0313

1.4

6.0

The experiment's consistency and reproducibility are ensured by applying the same thickness films using
the same draw down bar while achieving more realistic values for application rate (vide infra section 3.2.1)
3.1.5.2 Drying downtime
The ISO standard states that the sample must be allowed to dry down for some period before taking
measurements. This time can vary from 15 – 20 minutes. The sample is kept in the dark at a temperature
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similar to UV exposure conditions, which can be 25˚C and 35˚C. However, some sunscreen products can
continue to dry out for several hours. Each sunscreen product label is referred to before film preparation to
get an idea about the time needed for drying.
The selected sunscreen products recommend the user apply sunscreen a minimum of 2 0 minutes before
going out. Hence after preparing the sunscreen film, it was left in the dark inside the laboratory at 25˚C for
20 minutes to dry down before measuring the mass again.

3.2 Preliminary laboratory experiments
Preliminary laboratory tests were carried out to identify a suitable application method for sunscreens. Two
different approaches were considered.

3.2.1

Sunscreen film thickness and application

The first preliminary tests were done to investigate a suitable method to apply sunscreen film on the
substrate. Several modes of the application were analysed to obtain an evenly spread sunscreen film in the
area of interest on the substrate.
3.2.1.1 Application by mass
The AS/NZS 2604 standard, which is in line with the ISO standard (ISO 24443:2012, 2012), recommends
an application rate of 2 mg.cm-2. Below, calculations are used in achieving the application rate by measuring
the mass of sunscreen on the substrate.
Area of the substrate = 5.0 × 7.5 = 37.5cm 2
Mass of sunscreen to achieve 2mg.cm-2 = 75mg = 0.0750g
First, a series of tests were carried out to identify empty quartz substrate masses. Seven substrates were
used and marked accordingly in the tests. These measurements are given in Table 3 -7.
Table 3-7 Mass of empty substrates

Substrate No.

Mass (g)

I

8.9581±0.0002

II

8.9428±0.0001

III

8.9570±0.0002

IV

8.9480±0.0003

V

8.9577±0.0003

VI

8.9340±0.0003

VII

8.9500±0.0003
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However, applying mass and then using the bare finger to disperse the sunscreen on the substrate gives
different film conditions for each sunscreen due to physical properties such as viscosity and texture,
resulting in inconsistent sunscreen film. Application by rate also leads to different film thicknesses for each
sunscreen according to their density, as presented in Table 3-8. The densities might range from <1g.cm-3
for sunscreens comprised of organic chemical components up to 1.4g.cm -3 for sunscreens with a high
proportion of inorganic components (i.e. TiO2, ZnO).
Table 3-8 Thickness of sunscreen films according to the density at 2mg.cm -2

Density (g.cm-3)

0.9

1.0

1.1

1.2

1.3

1.4

Thickness (µm)

22

20

18

17

15

14

Nevertheless, the transmission of UV through sunscreen medium is directly proportional to the film's
thickness as the absorption/ scattering depends on the path length according to Beer-Lambert law [24].
𝐴 (𝜆) = 𝜀(𝜆) × 𝑐 × 𝑑
Where, A(λ) is the absorbance at wavelength λ, and d is the optical pathlength in cm, 𝜀(λ) is the molar
absorptivity with units of L.mol -1.cm-1 and c is the concentration of the compound in solution, expressed in
mol L-1. In this work, these factors were not directly measured; rather, the physical quantities such as UV
transmission, mass and thickness were considered.
3.2.1.2 Application by thickness
To overcome the above discrepancies, the application of sunscreen by thickness is tested. This results in a
consistent procedure to ensure that all the sunscreens are tested under the same conditions. For example, a
simple calculation, as presented in Table 3-9, can show how a sunscreen with a density of 1.3 g.cm -3 will
result in different thicknesses according to the application rate under testing standard and application rate
closer to actual use-value.
Table 3-9 Thickness by application rate

Application rate

Thickness achieved

(mg.cm-2 )

(µm)

Recommended

2.00

15.38

Real

0.75

5.77

Hence, a thickness of 6µm is used in the adapted method in the following sunscreen evaluation experiments.
The validation of the use of 6µm can be further clarified with a simple calculation.
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Table 3-10 Sunscreen coverage vs density vs film thickness

Density (g.cm-3) →

0.9

Thicknes (m)↓

Coverag (mg.cm-2)

6

0.54

10

1

1.1

1.2

1.3

1.4

0.60

0.66

0.72

0.78

0.84

0.90

1.00

1.10

1.20

1.30

1.40

15

1.35

1.50

1.65

1.80

1.95

2.10

20

1.80

2.00

2.20

2.40

2.60

2.80

25

2.25

2.50

2.75

3.00

3.25

3.50

30

2.70

3.00

3.30

3.60

3.90

4.20

In Table 3-10, the pink cells represent those where the sunscreen coverage in mg.cm -2 is outside the range
found in real life across 55 studies reviewed in reference [85-89]. The only thickness where all densities
led to coverage within the observed range was 6m. If the sunscreen density is 0.9, the user would need to
apply between 20m and 25m of sunscreen film to reach the recommended application rate and it is
suggested that personal comfort might inhibit application at these rates.
The quartz plate is inserted into a frame with a depression of similar depth to the plate thickness, as shown
in Figure 3-10. A small amount of sunscreen is applied to the frame at one end of the plate, and carefully,
slowly, and with even pressure, the bar is drawn down across the plate to give a film of uniform thickness.
Great care was taken to ensure the application pressure, rate, and direction was uniform from sample to
sample.

Sensor
window

Figure 3-10 Frame of sunscreen application

Figure 3-11 Sample sunscreen film ans sensor window

The sample may sometimes be uneven around the edges, as given in the example Figure 3-11. The sensor
window of the UV meter was adjusted to the mid-position of the substrate to avoid such discrepancies.
However, before continuing the experiment, it was made sure to avoid such circumstances as much as
possible by inspection to the human eye. Each sample was weighed to ensure a similar amount of sunscreen
was on the substrate to establish the reproducibility of the sunscreen application.

48

3.3 Initial UV exposure measurements
After preparation and drying down, the experiments were carried out to measure UV transmission through
sunscreen film. First, both UV intensity measurement and UV Index measurement were taken for the direct
UV beam from the source. Then for each sunscreen film, the transmission UV intensity and UVI were
measured during exposure and after exposure. All the measurements were taken in triplicate and then
averaged for the data representation.

3.3.1

Laboratory Testing

In designing the laboratory test, pre-tests were carried out to establish experimental design parameters to
match the outdoor conditions. The calibration curve for the UV Intensity and UVI was used to measure the
respective UVI for the transmitted UV Intensities. The UVI meter reading varied largely inside the
phototoxicity box compared to outdoor conditions. Hence, the laboratory setup was calibrated to match the
outdoor UV conditions.
3.3.1.1 Calibration
The outdoor experimental data for sunlight were used in calibrating the laboratory setup for UVI
measurement. For each UV intensity measured at different distances from the source, UVI was calculated
using the direct solar curve (vide infra section 3.3.2) as a reference. These were plotted to obtain the
calibration curve for the laboratory setup, as presented in Figure 3-12. Osram recommends the distance
between the sample and the source to be 50cm. However, to achieve the average total solar irradiation on
the earth's surface, 16 similar lamps must be occupied per square meter of the area of the sample. The
phototoxicity box provides an illumination area of 900cm 2. The substrate area is 37.5cm2. Hence, only one
Osram lamp is used in the setup.

Figure 3-12 Calibration curve for laboratory setup
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3.3.1.2 Measurement Parameters
A set of pre-tests were carried out to identify optimum measurement parameters. The UV distribution of
the setup was mapped by measuring the UV intensity and UVI at different distances from the UV source
inside the box. However, the laboratory test rig is limited in dynamic range due to the h eat generated by the
lamp as the sample was moved closer to it. Table 3-11 displays the data for the measurement of UV intensity
and UVI inside the box. Figure 3-13 shows the distribution of UVI inside the box, and Figure 3 -14
represents how the UV Intensity changes inside the box according to the source to sample distance.
Table 3-11 Measurement of UV intensity and UVI distribution data

Distance

from

Average

Average

source (cm)

(UVI)

(Wm-2)

27.8

1.0

31.80

31.4

0.7

25.90

36.0

0.5

20.20

39.4

0.4

16.90

43.3

0.3

14.40

50.2

0.3

10.50

(I)

Figure 3-13 Distribution of UV Intensity inside the box
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Figure 3-14 Distribution of UVI inside the box

The main objective of these experiments was to establish the correlation of measurements inside the
laboratory with the natural solar conditions. Although the test rig is severely limited in dynamic range due
to high temperature near the source, the UVI distribution inside the rig provides an environment sufficient
to test sunscreens under moderate UVI conditions with UV Indices from 0 to 5.9. This was important, as
the number of days where the UV Index dropped within this range decreased rapidly as of late spring, then
summer approached.
Testing with three different SPF sunscreens proved higher SPF sunscreens absorb more UV compared to
lower SPF sunscreens. These data are represented in Table 3-12 and Figure 3-15.
These data were obtained by varying the distance between the UV source and the sunscreen film, thereby
changing the incident UV intensity at each position, then measuring the UV intensity beneath the film. The
graphs confirm that, at all sample positions, as SPF increases, the absorption of UV by the sunscreen film
is increased (transmission is decreased).
However, only SPF 15 sunscreen showed noticeable transmission variation due to thickness. Both SPF 30
and SPF 50+ sunscreens show very low transmission even at 6µm thickness film that they do not show any
significant variation in transmission due to thickness increase.
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Table 3-12 Measurements for UV transmission for three sunscreens with SPF 15, 30 and 50

Distance from the

I (Wm-2)

source to the substrate
(cm)

A

C

F

31

3.6

2.8

2.8

36

2.8

2.2

2.1

41

2.2

1.7

1.7

46

1.9

1.4

1.4

51

1.5

1.2

1.2

56

1.3

1.0

1.0

61

1.1

0.9

0.9

66

1.0

0.8

0.8

71

0.9

0.7

0.7

Figure 3-15 SPF comparison for UV transmission inside laboratory setup
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Hence, the SPF 15 sunscreen was then tested to identify a suitable testing distance and a film thickness to
test all the sunscreens. SPF 15 sunscreen would provide a situation to test the extreme case scenario for the
experimental design (Figure 3-16). The optimum thickness of sunscreen for measurements was deduced by
successive measurements of UV transmission by films of sample A applied at different thicknesses.

Figure 3-16 UV transmission of SPF 15 sunscreen at different thicknesses in laboratory setup

Each film was made using drawdown bars of different thicknesses ranging from 6µm to 30µm. The highest
transmission of UV is reported with 6µm thick film, and the lowest transmission is reported with the 30µm
film. Evidently, a thicker layer of sunscreen absorbs/scatters more UV compared to a thin layer of
sunscreen. Ultimately 6µm was chosen because even though conventional testing uses 2mg.cm -2, realistic
application rates between 0.54mg.cm-2 and 0.85mg.cm-2 are achieved at 6µm thickness.
The results from these preliminary tests were used in identifying optimum conditions for indoor te sting of
the sunscreens.

3.3.2

Outdoor Testing

The outdoor testing was carried out at North Wollongong beach (34.4°S) on clear sky days during October,
November, and December 2020. Firstly, the direct solar UV intensity and UVI were measured, keeping the
sensor window normal to the sun's direction. Then, for each sunscreen film, the UV intensity and UVI of
the transmitted radiation was measured. For a simulation of a person who spends a few hours at the beach,
the experiment was carried out for 3.5 hours each day. To ensure the maximum UVI a person would be
exposed to is considered in the experiment, during September, the starting time was noon when the sun was
at the highest position in the sky, according to Australian Eastern Standard Time (AEST). However, by
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October, Australia changes to Australian Eastern Daylight Time (AEDT), thus adding one hour to the clock.
With maximum UVI being shifted one hour away from noon, the experiment time was adjusted accordingly.
The distance from the sensor to the film was kept at a minimum and consistent throughout the experiment,
ensuring the reflected or scattered radiation along path length did not affect the results. The UV Intensity
and UV Index was closely monitored for the whole duration of exposure and after exposure for all the
sunscreen samples.
3.3.2.1 Direct Solar Measurements
Solar UV intensity and UVI measurements were taken for three consecutive days at North Wollongong
beach at similar time intervals.
Table 3-13 provides information on daily conditions.
Table 3-13 Daily conditions for three consecutive test days

Day

Sky Condition

Humidity (%)

Temperature (°C)

01

Clear

50

21-23

02

Clear

62

22-23

03

Partially Cloudy

32

26-29

Direct solar radiation measurements were taken with the UV light meter and the UVI meter simultaneously.
Three measurements were taken at each time interval (15 min) for both UVI and UV intensity. This
procedure was carried out with the empty substrate as well. These data represented in Table 3-12 were used
to determine the relationship between UV intensity and UVI.
According to Table 3-14, ground UV intensity gradually dropped from the maximum to a lower value
within the exposure period for day 01 and day 02. However, on day 03, which was partially cloudy, the UV
intensity levels changed differently compared to clear sky days. The maximum UV intensity was not
recorded during noon as expected, rather much later in two hours. Furthermore, the change in UVI does not
reflect these UV intensity changes. Instead, UVI gradually decreased, similar to the other two days.
However, for cloudy sky days, the change in UV levels is unpredictable and protective measures may be
required even during late afternoons according to the ground UVI.
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Table 3-14 Data for three consecutive days of UV exposure

Day 03

UVI

I (W.m-2)

Plate

UVI

I (W.m-2)

Direct

UVI

Plate

UVI

I (W.m-2)

Direct

UVI

I (W.m-2)

Plate

UVI

Direct

I (W.m-2)

Time

Day 02

I (W.m-2)

Day 01

12:00

65.43

7.7

56.80

6.7

61.43

8.5

56.50

7.4

54.53

9.0

50.20

8.1

12:15

64.50

7.6

53.50

6.6

61.03

8.1

55.70

7.1

53.63

8.7

49.50

7.6

12:30

63.37

7.1

53.20

6.1

58.80

8.0

53.30

7.0

58.90

8.6

52.20

7.5

12:45

62.33

7.0

54.80

5.9

58.53

7.9

53.10

7.0

59.77

8.4

54.00

7.1

1:00

61.50

6.7

54.20

5.7

56.63

7.5

51.70

6.7

56.37

7.7

50.30

6.3

1:15

58.17

6.3

51.80

5.4

54.17

6.8

49.40

5.9

61.17

7.3

55.30

6.2

1:30

56.40

5.7

50.80

4.8

55.63

6.4

49.70

5.5

61.17

6.7

55.70

6.0

1:45

53.57

5.1

47.80

4.3

54.63

5.8

47.80

5.1

62.30

6.0

55.40

5.4

2:00

53.77

4.7

47.80

4.0

55.37

5.2

50.70

4.6

62.77

5.1

55.50

4.5

2:15

52.10

4.0

46.80

3.4

52.03

4.6

47.50

4.0

59.33

4.6

54.10

4.0

2:30

51.00

3.4

45.90

3.0

48.53

4.0

44.10

3.5

57.00

4.0

52.30

3.5

2:45

49.00

2.7

43.70

2.3

45.77

3.4

41.80

2.9

54.83

3.1

49.80

2.7

3:00

42.97

2.2

39.00

1.8

43.37

2.7

39.70

2.3

52.20

2.3

47.50

2.7

3:15

39.47

1.7

36.10

1.4

41.27

2.1

37.80

1.8

46.43

2.1

42.50

1.8

3:30

37.87

1.3

34.50

1.0

38.47

1.7

35.00

1.5

44.37

1.7

40.80

1.3

Figure 3-17 shows how UV intensity changed throughout the exposure time for each day.
Evidently, according to Figure 3-17, the change in UV intensity follows a consistent trend for clear-sky
days. Even for a partially cloudy day, the UV intensity varies a lot over a few hours. Hence, cloud cover
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can significantly impact the ground UV levels. As discussed previously in chapter 2, due to environmental
conditions that result in changes in ground UV levels, reproducibility of measurements of one day is nearly
impossible on another day. The purpose of the initial measurement was the calibration of the
instrumentation; only measurements on the clear sky days were recorded going forward. UV transmission
intensity and UVI for both direct sunlight and through substrate were measured over 3.5 hours exposure
starting at noon each day.

Figure 3-17 Graph of UV transmission intensity through reference substrate in sunlight

3.3.2.2 Relationship of UV Intensity and UVI
On a sunny day in spring (03-10-2020), when the UV Index ranged between 1.5 and 8, the relationship
between the measurements provided by the two test devices was investigated. The data are represented in
Table 3-15. Measurements were taken in triplicate on each device, averaged, and plotted to yield the
displayed data. The simple nonlinear exponential fit to these data were employed to calibrate the laboratory
test rig. Results are presented in Figure 3-18.
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Table 3-15 Data for a single day UV exposure for reference

I (Wm-2)

Time

UVI

12.00

63.9

65.4

65.0

7.7

7.6

7.6

12.15

64.1

64.5

64.9

7.6

7.5

7.5

12.30

63.2

63.3

63.6

7.1

7.1

7.1

12.45

62.4

62.3

62.3

7.0

7.0

6.9

1.00

61.5

61.6

61.4

6.7

6.7

6.6

1.15

58.2

58.0

58.3

6.3

6.3

6.2

1.30

56.5

56.4

56.3

5.7

5.7

5.6

1.45

53.8

53.7

53.7

5.1

5.0

5.1

2.00

53.8

53.7

53.8

4.7

4.7

4.6

2.15

52.1

52.0

52.2

4.0

4.0

4.1

2.30

51.0

51.1

50.9

3.4

3.5

3.4

2.45

49.0

49.1

48.9

2.7

2.7

2.8

3.00

43.0

42.8

43.1

2.2

2.2

2.3

3.15

39.6

39.5

39.3

1.7

1.6

1.6

3.30

37.8

37.9

37.9

1.3

1.2

1.3

Figure 3-18 Relationship between UV transmission intensity and UVI for reference substrate in sunlight
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Chapter 4
4. Results and Discussion

This chapter discusses the results of the UV transmission and absorption of commercial sunscreens under
UVI bands of increasing severity. Laboratory experiments were conducted to simulate low and moderate
UVI. Outdoor experiments were carried out for high, very high and extreme UVI bands. These results were
then used to calculate the accumulated exposure dose.

4.1 Laboratory evaluation of sunscreens
Despite the spectral limitations of the Osram Vitalux lamp, the laboratory setup could b e used to good effect
in performing transmission experiments in low and moderate UVI bands. This was necessary because days
where the actual UV Index was in these bands, were rare at the time of year when outdoor experiments
were conducted.
Ten sunscreens were tested in the laboratory under low and moderate UVI bands. Unlike the natural
conditions when sunscreens are tested in sunlight, UV radiation does not change drastically throughout the
laboratory experiment, and therefore, the efficiency of any particular sunscreen, which changes during
extended periods of UV exposure, can be investigated with laboratory experiments.

4.1.1

Evaluation of sunscreens under Low UVI

The "Low" band of UVI ranges from 0 to 2.9, and according to WHO guidelines, this indic ates low danger
from the sun's UV rays for the average person [7].
4.1.1.1 UV transmission
Figure 4-1 shows UV transmission by sunscreens exposed to UV intensity of 31±1W.m -2 during 3 hours of
exposure. SPF 15 sunscreen A transmits 10W.m -2 on average during the time of exposure. The highest
transmission of UV is recorded from sunscreen C (SPF 30) by transmitting 12W.m-2 of UV. SPF 50
sunscreen H transmits 11W.m-2, and the best performing sunscreen, I of SPF 50, transmits 5W.m -2 of the
incident UV. For all the sunscreens, UV transmission increases over time when exposed to UV, even in the
lower band UVI.
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Figure 4-1 UV transmission of sunscreens in laboratory under low UVI conditions – each data point is the mean of
three measurements

4.1.1.2

UVI transmission

Figure 4-2 UVI transmission of sunscreens in laboratory under low UVI conditions – each data point is the mean of
three measurements
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Figure 4-2 represents the transmission of erythema UV corresponding to the UVI from sunscreens exposed
to an incident UVI 1. The SPF 15 sunscreen A shows more transmission of UVI than C (SPF 30) and H
(SPF 50), different from the trend in Figure 4-1. However, sunscreen H (SPF 50) performs poorly even in
the low UVI range compared to other SPF 50 sunscreens.

4.1.2

Evaluation of sunscreens under moderate UVI

The "Moderate" band of UVI ranges from 3 to 5.9. and according to WHO guidelines, this indicates a
moderate risk of harm from unprotected sun exposure [7].
4.1.2.1 UV transmission
Figure 4-3 shows the transmission of UV from sunscreens exposed to UV intensity of 56±1W.m -2 for 3
hours. The SPF 15 sunscreen A transmits 18±1W.m -2 on average during the time of exposure. The highest
transmission of UV is recorded from sunscreen C (SPF 30), transmitting 22±1W.m -2 of UV. SPF 50
sunscreen H transmits 20±1W.m-2, while best-performing sunscreen, I of SPF 50 transmits 9W.m -2 of the
incident UV. For all the sunscreens, UV transmission increases over time when exposed to UV in the
moderate band UVI.

Figure 4-3 UV transmission of sunscreens in laboratory under moderate UVI conditions – each data point is the mean
of three measurements
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4.1.2.2 UVI transmission

Figure 4-4 UVI transmission of sunscreens in laboratory under low UVI conditions – each data point is the mean of
three measurements

Figure 4-4 shows the transmission of erythema UV corresponding to the UVI from sunscreens exposed to
an incident UVI of 5. The SPF 30 sunscreen C shows more transmission of UVI in comparison with A (SPF
15) and H (SPF 50). However, sunscreen H shows the lowest performance even in the moderate UVI range
compared to other SPF 50 sunscreens being able to reduce UVI to 2. Best performing sunscreen, I of SPF
50 reduces UVI to 1.5.
Further investigations are carried out for other UVI bands in the sunlight, as described in the next section.

4.2 Evaluation of sunscreen under sunlight
Sunscreens were evaluated under natural sunlight on days with different UV Indices ranging from the high
to extreme UVI bands. The experiments were conducted from late September to early December 2020 at
Wollongong North beach (34.4°S), and compared with data from ARPANSA. Thus, the data in Figure 4 5, 4-8 and 4-11 show the UV index predicted by ARPANSA for Sydney (70km north from Wollongong)
on each test day and the actual UV index measured at the ARPANSA testing station in Sydney. UV index
data measured at Wollongong is tabulated in Tables 4-1, 4-2 and 4-3 for comparison. In September, the
starting time was noon Australian Eastern Standard Time (AEST). Corresponding data are listed in Table
4-1. However, by October, Australia changes to daylight saving time, adding one hour to the clock. The
data taken from weather reports from ARPANSA reflect the time change effectively, with maximum UVI
being shifted one hour away from noon in Figures 4-8 and 4-11. The time interval selected for the
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measurement was adjusted accordingly. For each set of measurements, the starting time of the experiment
was noon Australian Eastern Daylight Time (AEDT) during the summer months, ensuring that the sun was
at its highest position in the sky for the 3 hour exposure time.
Each experiment that was performed on a different day is considered a different experiment due to changes
in environmental conditions. As mentioned in the previous chapter, each data point was taken in triplicate
and then averaged for graphical representation. The measurements quoted from the ARPANSA website
and the measurements taken at North Wollongong beach have differences in their values during the
exposure time and are given in this thesis only for general comparison. These differences may be due to the
ARPANSA data being a prediction, while those presented in this work are real-time measurements of local
UVI. Furthermore, the ARPANSA observation site is based in Sydney, and UVI is measured with the meter
sensor directly towards the sky, i.e. normal to the ground. However, in this work, the meter is directed
towards the sun to obtain maximum UV exposure. The change in the site location, as well as other
environmental conditions such as reflected radiation due to the beach sand, can cause the meter to read a
higher index than predicted by ARPANSA.

4.2.1

Evaluation of sunscreens under High UVI

The "High" band of UVI ranges from 6 to 7.9, and according to WHO guidelines, this increases the risk of
harm from unprotected sun exposure and requires protection against the skin and eye damage [7].
4.2.1.1 Weather conditions of the test day I (24-09-2020)

Figure 4-5 Predicted (ARPANSA) UV Index and Measured UV Index for Sydney on the day of test I (24 -09-2020)
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Predicted UVI: 6
Maximum temperature: 20 °C
Humidity: 28%Start time: noon (AEST)
Table 4-1 Measurements set I for North Wollongong (24-09-2020)

Time (m)

UVI (±0.1)

0.00

5.8

10.00

5.8

20.00

5.8

30.00

6.0

40.00

5.9

50.00

5.7

60.00

5.6

80.00

5.4

100.00

5.3

120.00

5.0

140.00

4.6

160.00

4.1

180.00

3.2

As can be seen from the graphs obtained from ARPANSA (Figure 4-5) and real-time measurements from
the UV meter (Table 4-1), the highest UVI is recorded around noon at high UVI band and then gradually
decreases to moderate UVI band over time for the period of the experiment.
4.2.1.2 UV transmission
UV transmission of six sunscreens was tested under high UVI conditions in sunlight, as shown in Figure 46. The average incident UV intensity was 57±3W.m -2, which gradually decreased over time. Of all the tested
sunscreens, sunscreen C transmits an average of 31±2W.m -2 of UV during the test period being the poorest
performer as expected according to the SPF. Sunscreen B, on the other hand, being an SPF 30 sunscreen,
transmits an average of 18±1W.m-2 almost similar to SPF 50 sunscreens. Sunscreen F, an SPF 50 sunscreen,
performs the best under these conditions by transmitting less than an average of 13W.m-2 UV. An SPF 50
sunscreen should ideally absorb 98% of UV when applied at the recommended application rates. However,
the current study only employs application rates found after a review of many independent studies [85-89].
G, E, and H SPF 50 sunscreens transmit around 17W.m-2, 18W.m-2, and 19±1W.m-2 of UV, respectively.
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Figure 4-7 UV transmission of sunscreens in sunlight under high UVI conditions – each data point is the mean
of three measurements

Figure 4-6 UVI transmission of sunscreens in sunlight under high UVI conditions – each data point is the mean of
three measurements

Even though the difference between these values seems insignificant as it is only ±1W.m-2 difference
between the SPF 50 sunscreen's transmissions, a small difference can lead to sunburn during long exposures
because of the accumulation of UV dose. (vide infra section 4.3)
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4.2.1.3 UVI transmission
Figure 4-7 presents the changes in UVI during the exposure period. The incident UVI was recorded 6 at its
peak during the test period. Sunscreen C of SPF 30 brings UVI down to an average of 2, while sunscreen
B of SPF 30 reduces UVI to less than 1.5. Sunscreen F, the best performing SPF 50 sunscreen among the
six, reduced the UVI to the low band to less than 1 UVI while sunscreen H, the worst -performing SPF 50
sunscreen, reduced UVI to less than 1.5.

4.2.2

Evaluation of sunscreens under Very High UV Index

The "Very High" band of UVI ranges from 8 to 10.9 and according to WHO guidelines, this increases the
risk of harm from unprotected sun exposure and requires protection against skin and eye damage [7].
4.2.2.1 Weather conditions of the test day II (04-11-2020)

Figure 4-8 Predicted (ARPANSA) UV Index and Measured UV Index for Sydney on the day of test II (04 -11-2020)

Predicted UVI: 10
Maximum temperature: 23 °C
Humidity: 59%
Start time: noon (AEDT)
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Table 4-2 Measurement set II for North Wollongong (04-11-2020)

Time (m)

UVI(±0.1)

0.00

9.9

10.00

10.0

20.00

10.8

30.00

10.9

40.00

11.0

50.00

10.9

60.00

10.9

80.00

10.5

100.00

10.0

120.00

9.4

140.00

8.8

160.00

7.7

180.00

7.0

As can be seen from the graphs obtained from ARPANSA (Figure 4-8) and real-time measurements from
UV device (Table 4-2), the highest UVI is recorded around 1 pm (because of AEDT) at a very high UVI
band and then gradually decreases to a high UVI band during the time of the experiment.
4.2.2.2 UV transmission

Figure 4-9 UV transmission of sunscreens in sunlight under very high UVI conditions – each data point is the mean
of three measurements
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UV transmission of six sunscreens was tested under very high UVI conditions in sunlight, as shown in
Figure 4-9. Incident UV intensity was 68±5W.m-2 . Sunscreen B, an SPF 30 sunscreen, transmits an average
of 21±2W.m-2 of the incident UV. Sunscreen C of SPF 30 transmits an average of 37±2W.m-2 of UV during
the test period.
Sunscreen F, an SPF 50 sunscreen, performs the best under these conditions by transmitting less than an
average of 15±1W.m-2 UV. Both G and E, SPF 50 sunscreens transmit around 20±1W.m -2 and 21±2W.m-2
respectively. In comparison, an SPF 50 sunscreen H performs poorly by transmitting an average of
23±2W.m-2 of UV.
4.2.2.3 UVI transmission
UVI transmission of these sunscreens displayed in Figure 4-10 follows a similar trend to the UV
transmission. The incident UVI was recorded at 10.9 at its peak during the test period. Sunscreen C of SPF
30 brings UVI down to an average of 4, while sunscreen B of SPF 30 reduces UVI to around 2. Also, in
comparison, SPF 30 sunscreens B and C behave very differently in both UVI high and very high bands. For
example, two people with similar skin types purchasing sunscreen B and sunscreen C will experience
different results, causing one of them to get severe burns while getting exposed to the same UV conditions.
Sunscreen F, the best performing SPF 50 sunscreen among the six, reduces the UVI to the low band with
an average of 1; Sunscreen H, the worst-performing among SPF 50 sunscreens, can also reduce UVI to 2.
Again, at UVI very high band, sunscreen H, SPF 50 sunscreen performs poorly compared to other SPF 50
sunscreens under test.

Figure 4-10 UVI transmission of sunscreens in sunlight under very high UVI conditions – each data point is the mean
of three measurements
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4.2.3

Evaluations of sunscreen under extreme UVI

The "Extreme" band of UVI ranges from 11 and upwards, and according to WHO guidelines, this increases
the risk of harm from unprotected sun exposure within minutes and requires avoiding sun exposure from
10 am to 4 pm [7].
4.2.3.1 Weather conditions of the test day III (26-11-2020)

Figure 4-11 Predicted (ARPANSA) UV Index and Measured UV Index for Sydney on the day of test III (26-11-2020)

Predicted UVI: 11
Maximum temperature: 23 °C
Humidity: 76%
Start time: noon (AEDT)

As can be seen from the graphs obtained from ARPANSA real-time data (Figure 4-11) and real-time
measurements from the UV index meter (Table 4-3), the highest UVI is recorded around 1 pm (because of
AEDT) at extreme UVI band and then gradually decreases to a very high UVI band during the time of the
experiment.
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Table 4-3 Measurements set III for North Wollongong (26-11-2020)

Time (m)

UVI(±0.1)

0.00

12.1

10.00

11.7

20.00

11.7

30.00

12.1

40.00

12.1

50.00

12.1

60.00

12.0

80.00

12.0

100.00

11.8

120.00

10.8

140.00

10.3

160.00

9.3

180.00

8.7

4.2.3.2 UV transmission

Figure 4-12 UV transmission of sunscreens in sunlight under extreme UVI conditions – each data point is the mean of
three measurements

UV transmission of the sunscreens under test was investigated under extreme UVI conditions in sunlight,
as shown in Figure 4-12. The average incident UV intensity was 62±7W.m -2. Sunscreen B, an SPF 30
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sunscreen, transmits an average of 19±2W.m -2 of the incident UV. Sunscreen C of SPF 30 transmits an
average of 34±1W.m-2 of UV during the test period. Sunscreens B and C both being SPF 30 sunscreens; C
transmits a significantly higher amount of UV than B.
Sunscreen F, an SPF 50 sunscreen, performs the best under these conditions by transmitting less than an
average of 14±1W.m-2 UV. Both G and E, SPF 50 sunscreens transmit around 18±1W.m -2 and 19±2W.m-2
respectively. In comparison, an SPF 50 sunscreen H performs poorly by transmitting an average of
21±2W.m-2 of UV. Consequently, after sunscreen C of SPF 30, the sunscreen transmitting the most UV is
sunscreen H, an SPF 50 sunscreen.
4.2.3.3 UVI transmission
UVI transmission of these sunscreens in Figure 4-13 follows a similar trend to UV transmission. The
incident UVI was recorded as 12.1 at its peak during the test period. Sunscreen C of SPF 30 brings UVI
down to an average of 5 to the moderate risk band. Sunscreen B of SPF 30 reduces the UVI to 2, bringing
the level down to low UVI band. Sunscreen F, the best performing SPF 50 sunscreen among the six, reduces
the UVI to the low band with an average of 1, while Sunscreen H, the worst-performing SPF 50 sunscreen,
can also reduce UVI to 2.

Figure 4-13 UVI transmission of sunscreens in sunlight under extreme UVI conditions – each data point is the mean
of three measurements

For all the three UVI bands tested in the sunlight, sunscreen H (SPF 50) performs poorly among SPF 50
sunscreens, while sunscreen C (SPF 30) is the worst-performing sunscreen among the tested sunscreens.
The UV absorption of sunscreens can be compared according to the SPF of the sunscreens within the scope
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of this study. While a customer might expect sunscreen H, marketed as an SPF 50 product, to protect them
from UV better than an SPF 30 sunscreen, results suggest that this may not be the case when the sunscreens
are used in real life conditions, even under the more moderate High UVI band.
The crucial observation is how each of these sunscreens would allow the acc umulation of UV during
transmission over long exposure periods. The overall sunscreen efficiency can be investigated by evaluating
erythema dose accumulation, as discussed in the next section.

4.3 Analysis by accumulated dose
Analysis by accumulated dose is important because it gives a guide to the medical consequences of sun
exposure as the measurements can be compared to the minimum erythemal dose (MED). Performing the
measurements under different conditions of incident UV radiation, as here, thus provides a snapshot of true
protective behaviour, by estimating the expected erythemal response, when using each sunscreen.
This work uses direct solar UVI and the instantaneous UVI, obtained by placing the meter underneath the
sunscreen coated substrate, in the calculation of erythema UV dose. The difference between the UVI values
gives the transmission of UVI by the sunscreen layer at time (t). Since UVI is defined in dimensionless
units and corresponds to 25 mW.m-2 of erythema UV radiation, UVR (W.m-2) at time (t) is given by
UVR (t) = UVI × 0.025
The calculation of accumulated dose throughout the experiment is then given by integration

UVD = ∫ UVR(t) dt
UVR (t) = UVI × 0.025
where the UV dose (UVD) is the total amount of UV radiation required to induce a biological response and
UVR(t) corresponds to the erythema UV rate with respect to time. Data are then plotted as described in the
following discussion.

4.3.1

Dynamic behaviour of sunscreens under different UVI conditions

The following section demonstrates how accumulated dose changes for each sunscreen, tested in sunlight
and highlights the difference in protective behaviour on days with UV Index 6 compared with behaviour
on days with UV Index 12. Data for all the sunscreens are summarised in Figures 4 -15 (UV Index 6 data)
and Figure 4-16 (UV Index 12 data). For clarity, data for one sunscreen is presented in Figure 4 -14 as a
guide to the interpretation of the remaining data.
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Figure 4-14 Summary data for sunscreen B under conditions of UV Index 6 and 12

On a day where the UV Index was 6 (red triangles), it can be clearly seen that after 3 hours of continuous
exposure, the accumulated dose remains under the 1MED threshold. Under these conditions, if the
packaging stated, 're-apply every 2 hours', the sunscreen could be clearly considered as 'safe' - the wearer
would be at minimal risk of harm. However, for the data obtained under conditions where the UV Index
was 12 (yellow diamonds), the outlook is not so good. These data now show that 1MED has been
transmitted in just 70 minutes, well beneath reapplication guidelines on the packaging. This now places the
wearer, if skin type 1, in a situation where there is a likelihood of harm. The sunscreen is still protective to
some degree because Figure 4-16 shows that if unprotected, 1MED would be absorbed by an individual in
under 15 minutes at UV Index 12.
Figure 4-15 now shows the accumulated dose measured when all the sunscreens were under test on a UV
Index 6 day at North Beach, Wollongong (24.09.2020). It also shows the data for an unprotected individual
on this day, whence 1MED would be absorbed in around 30 minutes. All the sunscreens provide differing
degrees of protection by reducing the UV dose compared to the erythema dose a person with Fitzpatrick
skin type 1 would otherwise be exposed to.
In summary, the data reveal that sunscreens B, E, F and G would be considered 'safe' on days when the UV
Index is 6 as these four sunscreens take a minimum of 3h to transmit 1 MED. However, sunscreen H
(packaging SPF 50) takes only 140 minutes to transmit 1 MED but can be safely used, adhering to the
manufacturer's recommendations. On the other hand, sunscreen C has transmitted 1 MED after only 70
minutes which is already beneath the 2 hours reapplication time. One might rightly conclude that this
product might not be 'fit for purpose' even in these relatively benign conditions for Australia. As a European
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manufactured sunscreen, one might also question the efficacy of this product when used in the summers of
Southern Europe.

Figure 4-15 Accumulated dose of sunscreens at UVI Index 6 – each data point is the mean of three measurements

Inspection of Figure 4-16 demonstrates how dramatically the intensity of incident solar radiation affects the
inherent properties of each sunscreen. These data were obtained on days when the UV Index was 12, in the
'Extreme' range, at noon on North Beach in Wollongong, NSW (10.12.2020). Sunscreens with adequate
properties at UV Index 6 become far less capable of protecting the wearer from harm if adhering to the
packaging advice for reapplication.
Sunscreen C (SPF 30) transmits 1 MED in less than 35 minutes; it is protective to an extent as 1 MED
would have been received in 15 minutes when unprotected but is far from ideal. Sunscreens B and H show
equivalent performance, transmitting 1 MED in just over 1 hour. A primary concern is that sunscreen H is
labelled an SPF50 sunscreen with consumer expectation that it is a superior, more protective product than
B, which is evidently, not the case. Sunscreens E and F (both SPF 50) show equivalent performance yet are
still inadequate, transmitting 1 MED in 90 minutes. Sunscreen F yielded the best result under UV Index 12
conditions, transmitting 1 MED in 115 minutes, very close to the packaging advice for 2 -hour
Reapplication.
These results from Figures 4-15 and 4-16 demonstrate that the efficacy of sunscreen protection is severely
compromised as the intensity of incident UV increases.
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Figure 4-16 Accumulated dose of sunscreens at UV Index 12 – each data point is the mean of three measurements

4.4 Discussion
Data from Figures 4-14 to 4-16 clearly differentiate the performance of sunscreens on different days with
different UVI. Sunscreen C appears inadequate even at lower UVI, suggesting that it should probably have
no place on supermarket shelves in Australia. Meanwhile, at UVI 12, only sunscreen F is protective if
reapplication in 2 hoursrs is adhered to. All the other sunscreens transmit 1 MED in less than 2 hours. The
data show that individuals should not be reliant on sunscreen as a UV defence and be cautious about their
exposure on extreme UVI days and further measures to limit exposure should be applied including not
going out in the sun in the hours around midday, seeking shade if in a potenti ally harmful environment.
At UVI 6, all sunscreens except C can be considered protective because they transmit less than 1 MED in
this period. Moreover, promisingly, they are protective at the 6µm thickness employed here, which is much
closer to the real application rates by individuals using sunscreens.
The dynamic behaviour of sunscreens, as presented here, also implies critical compositional factors. At the
application rates employed here, the organic chemical sunscreens clearly do not perform well. The only
sunscreen that performs well at these rates, under these conditions is a product with 9% nano -TiO2. While
there remains much discussion over the use of nanoparticles in sunscreen formulations from a toxicological
standpoint, this particular sunscreen employs a rutile phase TiO2 (identified by X-ray diffraction1) and
appears to conform to the European guidelines for formulating with TiO 2 [129]. These recommendations

1

See appendix for details.
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seek to eliminate photocatalytic grades of TiO2 from being employed in sunscreens.
Under conventional testing protocols, all these sunscreens may have passed testing (even sunscreen C) but
under the experimental conditions employed here, under critical performance conditions, some products do
not perform well. It could even be suggested that for sunscreen H, rated at SPF 50, the packaging
information could well have been overestimated, as it performs equivalent to an SPF 30 sunscreen under
the conditions employed here. The conditions employed in this work are built around establishing the
spectroscopic integrity of the sunscreen under test, under test conditions more commonly encountered by
individuals using the product. We suggest that testing protocols should be more closely related to ‘reallife’, worst case scenario conditions.
All the sunscreens tested under both indoor and outdoor conditions display a loss of protection over time.
This may be a result of the evaporation of the formulation applied on the substrate. If applied to the skin,
this may be due to absorption of ingredients through the skin or result of changes in the chemical
composition of the ingredients because of exposure to UV. A comparison between initial absorption and
final absorption of UV by these sunscreens help to understand how significant these losses can be.
While the graphs in section 4.3 clearly represent the dynamic performance of the sunscreens under test in
real-life conditions, Table 4-4 shows that with the specific sunscreens considered here, there may certainly
be underlying compositional factors responsible for the decrease of the performance of sunscreens.
Sunscreen C has lost 45% of an already inadequate UV absorption capacity after 3 hours of exposure, while
all the other sunscreens were able to retain 70% of UV absorption ability in comparison to their initial
status.
Table 4-4 Initial and final UV absorption of sunscreens tested on extreme UVI condition

Sunscreen

Initial absorption

Final absorption

Absorption Loss (%)

B SPF 30

36.20±0.00
(W.m-2)
21.90±0.05

30.7

C SPF 30

52.24±0.05
(W.m-2)
39.74±0.09

E SPF 50

51.34±0.12

36.30±0.05

29.3

F SPF 50

59.34±0.05

41.00±0.05

30.9

G SPF 50

54.30±0.05

35.70±0.05

34.3

H SPF 50

51.50±0.05

34.94±0.05

32.2

44.9

While it seems like an acceptable margin, the amount of absorbed UV reveals that individual sunscreen
formulations do not perform the same under extreme UV conditions, confirming the results obtained by
calculating the accumulated dose. These data suggest that a combination of different active ingredients may
be incompatible, resulting in loss of protection in sunscreens during long exposures. The critical factor is
that the data presented in this work were obtained with realistic sunscreen application rate s, and all the
experiments were carried out in real-life conditions.
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Chapter 5
5. Conclusion and Future Work
5.1 Conclusion
In this work, only the dynamic performance of sunscreens is investigated against different UVI conditions,
and two critical factors have been exposed:
•

The protection offered by any product will not be the same at different latitudes - the same product
bought at a major supermarket chain in Cairns will not provide equivalent protection to the
identical product purchased at the same store in Hobart.

•

The same product's protection will not be the same under different local conditions of incident UV
radiation (different UV Index values). Thus, a product from the same container applied on Tuesday
may not offer the protection it did 24h earlier, on Monday, at the exact beach location.

In general, the Australian public has taken the messages from the ‘slip, slop, slap’ campaign to heart over
the past 40 years, and sunscreen application is a part of everyday life in all age groups. However, the
campaign's success pre-supposes that the sunscreen products available in pharmacies and supermarket
shelves fit for purpose. This work suggests that many products may not be, while passing all current testing
protocols and being labelled correctly.
Testing protocols could be directed at ‘worst case scenario’ in Australia (not Europe), and a first step might
be to reduce the standard testing coverage to 1mg.cm -2 and invoke an incident UV intensity (in both in vivo
and in vitro testing) aligned to that experienced in real life, in North Queensland. Consequently, this will
provide more realistic testing parameters for manufacturers to practice enabling the consumer to use
sunscreens with confidence. Further public education needs to outline these cautionary poin ts, and
improvements in labelling will indeed facilitate this. The typical consumer would only rely on the major
message given in the label, namely the “SPF”. Hence, the authorities cannot expect the consumer to be
mindful selecting the sunscreens based on the ingredients or the concentrations provided in the back of the
label. Improved regulation for sunscreens is needed before they are available in the market for the general
use.
In using quartz plates as substrate, with uniform sunscreen film thickness a t realistic application rates, data
presented in this work are underpinned by the spectroscopic integrity of each sunscreen. It is suggested that
this should be the underlying basis for subsequent comparative sunscreen evaluation. Current testing
protocols employ roughened PMMA plates which diminish the spectroscopic properties and varying film
thicknesses which again add large errors to each individual determination making true comparison between
sunscreens difficult.
The accumulation of UV dose should also be considered when measuring the protection a sunscreen
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provides. This work has provided a unique insight into sunscreen performance incorporating UVI and
accumulated dose. It will invigorate research and develop new, more efficient UV absorbing material s (both
inorganic and organic), leading to new formulations that will allow sunscreens to be an excellent first line
of defence under ‘extreme’ UV Index conditions.

5.2 Study Limitations and Strengths
This study was conducted to assess the UV efficacy of commercial sunscreens available in Australia to
benchmark novel sunscreens against current protection factor standards. Only ten sunscreens were selected
from the pool of sunscreens available in the market; however, these sunscreen formulations have a range
of active ingredients and different protection factors for comparison.
Outdoor experiments were carried out at North Wollongong beach during the spring and summer months
of 2020. However, the unpredictability of weather has caused some of the data inoperativ e in the analysis
as uncontrollable factors like cloud cover change the UVI drastically.
Indoor (laboratory) experiments were only possible within a low-moderate range of the UVI scale due to
the setup's dynamic range. This limitation is precisely due to overheating and high UV sensitivity as the
sample is moved near the source. The limitations surrounding the UV source (Osram Ultra Vitalux) is also
acknowledged, as is the fact that sunscreen density was only estimated and not measured by pycnometer or
density meter.
This study incorporated the global standard UV index and used real-life sunscreen application rates for the
first time to analyse how UV transmission results in accumulation of erythemal UV dosage under real
Australian UV conditions. The effectiveness of sunscreens to UVI is suggested as a novel method to educate
the public without confusion as compared to the mixed messages arising from current packaging
information such SPF and UVAPF. If sunscreens are marketed according to their performance in each UVI
band, and the UVI is published across a wide range of media individuals will be in a better position to assess
the potential degree of exposure. These results reveal that current standards are insufficient to overcome
the burden of skin cancer due to extreme UV exposure in Australia.

5.3 Future Work
For sunscreens to be fit for purpose, and adequate for the unique Australian conditions they must be tested
under these conditions. Testing should be performed using worst case scenario conditions with UV levels
equivalent to those experienced in North Queensland. The resulting information can be correlated with
UVI, to provide both latitudinal information on sunscreen performance and UVI information.
Developing the laboratory setup to match the natural UV conditions enabling the UV change over time
possible would provide a more realistic environment for the testing rather than testing under a constant UV
dose. The solar simulation environment can be improved by adapting the simulators to include the changing
solar zenith angle during exposure measurement.
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7. Appendices

Appendix 1
UV Protection Factors

There are several methods of categorizing sunscreen according to its protection factor. The most popular
rating systems are SPF, UVAPF, and “broad spectrum.” SPF – Sun Protection Factor reveals the
effectiveness of the sunscreen to UVB radiation by providing a numerical factor. This ratio represents the
time it takes for the protected skin to have an erythema reaction when exposed to UVB, concerning the time
it takes to have an erythema reaction to unprotected skin. Theoretically, the higher the SPF, the mo re
protection the sunscreen will provide in comparison to lower SPF sunscreen. SPF is a determination of how
much protection will specific sunscreen provide against UVB [29, 130]. Likewise, for protection from
UVA, the UVA Protection Factor (UVAPF) indicates the effectiveness of a sunscreen in the UVA region.
Unlike SPF, UVAPF does not provide a numerical quantity for protection but simply acts as an indicator
to inform that the sunscreen can protect against UVA. On the other hand, a sunscreen that protects against
both UVA and UVB rays qualifies as a “broad spectrum”; however, this will not provide an understanding
of how much protection it gives in each UV region.
Considering that there are different types of skins as described in the skin prototype by the Fitzpatrick scale
[15], even at exposure to the same UV radiation intensity for the same period, MED will be different for
each skin type. Furthermore, the amount of UV radiation that is received varies due to many other reasons.
The intensity of UV radiation fluctuates with latitude, altitude, time of the day, cloud cover, and several
other uncontrollable conditions. As a result, MED depends on the factors mentioned above.
The erythema action spectrum proposed by McKinlay and Diffey (1985) [70] and CIE is used in weighting
for the calculation of SED – Standard Erythema Dose. The SED does not depend on the personal Ultraviolet
radiation sensitivity and the emission spectrum. 1 SED corresponds to an erythema sufficient radiant
exposure of 100J.m-2. The intensity of erythema UV radiation is in direct proportion with the UV index.
International Organization for Standards issued the ISO standard No 24443 in 2012 [74], introducing an in
vitro procedure for sunscreen testing for UVA protection. Using this procedure, the UV radiation spectral
absorbance curve is used in determining the UVA protection factor, critical wavelength, and UVA
absorption proportionality. However, FDA only considers the critical wavelength test for the in vitro
procedure. Critical wavelength is the wavelength below 90% of the total area under the absorption curve.
In principle, 370nm or higher wavelength is required for the sunscreens to label them as a “broadspectrum,” where there is no information on any skin-related UVA protection factor. The assessment
method is quite like ISO 24443. Mainly, there are differences in product application dose, the surface
roughness of plates, and the spectral output of the light source for irradiation of the plates. In comparison,
the European Union recommends not only the critical wavelength test but also UVA protection to be at
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least one-third of the protection as labelled SPF for the sunscreens to label them as “UVA” or “broad
spectrum.” Whereas the Australian standard closely follows the European standard [29]. Unfortunately, as
discussed in previous chapter, the Eropean standard may not be adequate in providing a solid evaluation
ground to match the extreme UV conditions experienced in Australia.
According to the action spectra for sunburn and skin cancer, the UV in the range from 370nm – 400nm is
not very harmful. The UV radiation in the range 280nm – 370nm are more destructive. However, SPF is an
indicator that is not precise above 340nm and, as a result, cannot be considered a good measure for the
evaluation of broad-spectrum protection. Furthermore, the critical wavelength combined with the SPF does
not offer a comprehensive measure of broad-spectrum protection provided by a sunscreen. D. Moyal et al.
(2000) has proven that only UVA Protection Factor can measure the amount of UVA protection, and the
values obtained are substantially different from those obtained with SPF [131]. Concerning this reason, the
European Commission recommends a ratio between SPF and UVAPF (SPF/UVAPF ≤ 3) and a critical
wavelength of 370nm for all sunscreen products to have both enough protection level and broadness [75].
However, even after following the protocols, during in vitro testing of sunscreens, the labelled SPF may
not provide the level of protection as expected in natural sunlight. Several factors contribute to this
mismatch. They are variations in application thickness, uniformity in spreading, and the differences
between solar simulator’s spectral emissions used in laboratories [95, 96, 132]. The SPF determined at the
laboratories using solar simulators is proven to be higher than that is measured in the natural sunlight. The
natural sunlight that reaches the Earth depends on many factors, such as solar altitude and cloud cover.
Thus, testing in natural sunlight is impractical and unfeasible for standardized testing.
Another concern is whether there is an erythema response for the other parts of the sunlight except for UV.
Suppose there is a reaction of the skin to the visible and IR portion of the solar spectrum that can determine
the differences between laboratories measured values to the natural condition. Furthermore, due to using
high SPF sunscreens, a high level of UV doses must be employed to evaluate their efficacy. Hence replacing
human testing with in-vitro approaches would be best. More research is needed to develop and regulate the
protocols and methods for determining the in vitro protection factors to build significant knowledge on
sunscreen.
The spectrum of the solar simulation source needs to be obtained to be multiplied by the erythema action
spectrum. These values are integrated over the wavelength range from 280nm to 400nm f or the calculation
of in – vitro SPF. Similarly, sunscreen transmission values and the erythema action spectrum multiplication
are integrated over the same wavelength. The ratio between the two gives the SPF [75, 80, 95, 96, 132].
The initial SPF is calculated using the following equation according to the ISO 24443:20 12 guidelines [74].
SPFin−vitro=

λ=400nm
∫λ=290nm E(λ)×I(λ)×dλ

λ=400nm
∫λ=290nm E(λ)×I(λ)×10−A 0(λ) ×dλ

Where
E(λ) = Erythema action spectrum (CIE-1987)
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I(λ) = Spectral irradiance received from the UV source
A0(λ) = Mean monochromatic absorbance of the test product layer before UV exposure
dλ = Wavelength step (1nm).
However, this value does not directly represent the SPF value of the tested sunscreen. The value obtained
in – vitro is corrected with a scaler to match the in – vivo SPF [75, 80, 95, 96, 132].
SPFin−vitro,adj=

λ=400nm
∫λ=290nm E(λ)×I(λ)×dλ
λ=400nm
−A (λ)×C
×dλ
∫λ=290nm E(λ)×I(λ)×10 0

The scalar “C” is customarily found to lie within 0.8 – 1.6. If it is found to be outside this range, new
samples must be tested, and the procedure must be developed to match the in – vivo result.
Similarly, for the UVA-PF calculation, the same measurements and calculations are carried out for the
wavelength range of 320nm – 400nm. The difference is that instead of the erythema action spectrum, the
PPD action spectrum is used in the calculation process [75, 80, 95, 96, 132].
UVAPFin−vitro=

λ=400nm
∫λ=320nm P(λ)×I(λ)×dλ

λ=400nm

∫λ=320nm P(λ)×I(λ)×10−A 0(λ)×C×dλ

where
P(λ) = PPD action spectrum
I(λ) = Spectral irradiance received from the UVA source
A0(λ) = Mean monochromatic absorbance of the test product layer before UV exposure
C = Coefficient of adjustment
dλ = Wavelength step (1nm)
The UV exposure dose is calculated using the initial UVAPF value. i.e., UVAPF0.
Dose = 1.2 × UVA-PF0 J.cm-2
The 1.2J.cm-2 factor is based on ISO ring test validation study results.
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Appendix 2
Dynamic behaviour of sunscreens under “Very High” range of UVI

Figure 7-1 Accumulated dose of sunscreens at UV Index 10.9 – each data point is the mean of three measurements

Under very high UVI, with an incident UVI of 10.9, the data in Figure 5-1 show only sunscreen F is 'safe'
as the sunscreen takes a minimum of 2h to transmit 1 MED. According to the manufacturer's guidelines, a
person using sunscreen F would be "safe" from any harm from the exposure of UV during this period.
However, sunscreens E and G (SPF 50) takes 20 minutes less to transmit 1 MED, while sunscreen B (SPF
30) and sunscreen H (SPF 50) has already reached 1 MED in less than 80 minutes. On the other hand,
sunscreen C has transmitted 1 MED after only 40 minutes. Compared to the levels under high UVI, when
the UV index increases, the time it takes for sunscreens to transmit 1 MED has decreased rapidly. This
situation becomes worse when sunscreens are tested under extreme UVI conditions.
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Figure 7-2 Results of XRD for sunscreen F

Inorganic materials isolated by Dr. Phil Barker and XRD determined by Marcela Chaki Borrás confirms
the presence of 10% ZnO and 90% TiO2 in the formulation.
Figure 7-3 UV box designFigure 7-4 Results of XRD for sunscreen F
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8. Other Supplementary Materials
Phototoxicity box design

Figure 8-1 UV box design
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Figure 8-3 Tray holder design

Figure 8-2 UV box frame design
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UV Spectrum of Osram Ultra Vitalux

Figure 8-4 UV spectral distribution of Osram Ultra Vitalux

The UV spectrum of Osram Ultra Vitalux given is Figure 8-4 is a discontinuous spectrum governed by
three major UV wavelength peaks at 313nm, 335nm, and a relatively higher peak at 365nm. These peaks
result in the spectrum of Osram Ultra Vitalux to be more biased towards UVA. The UVA and UVB
components of the lamp yield 13.6W and 3W power, respectively. Hence it is mostly employed in tanning
parlours as a UVA source. The mercury lamp UV output is not ideal but as can be seen, the intense band at
365nm weights the overall output to the UVA region. This would give an output spectrum not dissimilar to
a QUVA lamp output, which is centred around 340nm 2.
Loss of protection over time
Previous work shows that certain combinations of active ingredients are incompatible due to reacting under
high UV Index conditions to decrease UV absorption in a short space of time, among other effects. The
interactions between some of the ingredients in commercial sunscreens that leads to loss of UV protection
upon exposure to UV in a laboratory environment are studied [133]. In their work, the solar simulation test
was carried out for the commercial sunscreen thin films whose thickness was kept within the range of
typical consumer usage.

2

Testing protocols such as ASTM G154, ASTM D4329, ASTM D4587 clearly explain the use of QUVA

lamps in the weathering testing of surface coatings.
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Figure 8-5 Photo stability of two sunscreens under UV exposure

Figure 8-5 [134] clearly shows that both sunscreens performance has declined over the course of four hours
of UV exposure. Further investigations in their work chemical aspect of the ingredients show the underlying
factors leading to this decline of performance.
Most commonly used UV filters being cinnamates and dibenzoylmethanes; this study examined OMC,
avobenzone and DBM separately and together to investigate their photochemistry under UV exposure. The
results show even though separately, these filters are photostable, providing protection in each of their
respective UV band when used together in sunscreen formulations, there are reactions through E/Z
isomerization or dimerization that lead to decrement in their performance.
This is further supported by Sayre's group findings with an SPF 15 sunscreen containing OMC, Oxybenzone
and Avobenzone as discussed below [135].
According to Figure 8-6 [135], Sayre and co-authors have shown the rapid loss of protection over UV
exposure of 2 MED. Within only 0.2 MED, the protection is down by 75% and by the time the dose is
reached 2 MED, protection is around 25% of the initial value. This is directly represented by the Highperformance liquid chromatography (HPLC) analysis.
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Figure 8-6 Normalized average monochromatic protection factor

As seen from Figure 8-7 [135] at 0.2 MED, approximately 20% of the avobenzone and OMC is degraded.
When 2.0 MED is reached, only 20% of the avobenzone remains while OMC is down to 42%. This clearly
shows that a mixture of two sunscreen active ingredients leads to photochemistry different to that of how
each ingredient works alone.
Hence, considering the results obtained in laboratory tests in literature, the results obtained by the real-life
situation in this work suggest that the efficacy of sunscreens is affected by the photochemistry of the
ingredients used together compared to their behaviour individually. Furthermore, as all the tests are done
with quartz substrate, other effects of specific skin conditions, sweating, or water activities may have on
the efficacy of sunscreens are not considered in this work. Th ese may further reduce sunscreens'
performance, resulting in a reduction of time for transmission of 1 MED. Further investigations are required
to fully identify the effect of these factors.
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Figure 8-7 Sunscreen HPLC analysis

Theoretical Reapplication
For the sunscreens under test, reapplication is recommended every two hours and after sweating and water
activities. However, the results from the graphs discussed above suggest under extreme UV conditions, and
this recommendation does not hold as 1 MED is already reached in less than 100 minutes for most of the
tested sunscreens. Hence, a theoretical model is investigated to identify the effect of the reapplication of
sunscreens. The below graph represents a sample calculation of the theoretical model for sunscreen E.
Transmitted UV Index was calculated for the below conditions:
-

Incident UVI = 12

-

Reapplication of sunscreen 60 minutes after the first application
o

Initial application at t 1, Second application at t2 = t1+60

Assumptions –
No waiting period for drying down for the second application
UV conditions remain the same throughout the duration of the experiment
Temperature, Humidity remains the same
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No effect of sweat or water activities
The sample calculation above used in Figure 8-8 shows, when sunscreens are re-applied after 60 minutes
of the first application, the time taken for the transmission of MED is extended up to 115 minutes. This is
supported by the fact that the first application of sunscreen is inadequate when the manufacturers' testing
conditions are considered.

Figure 8-8 Theoretical reapplication model for sunscreen E for incident UVI 12
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